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Aging may be determined by a genetic program and/or by the accumulation rate of molecular damages. Reactive oxygen species (ROS)
generated by the mitochondrial metabolism have been postulated to be the central source of molecular damages and imbalance between
levels of intracellular ROS and antioxidant defenses is a characteristic of the aging brain. How aging modifies free radicals concentrations
and increases the risk to develop most neurodegenerative diseases is poorly understood, however. Here we show that the Polycomb group
and oncogene Bmi1 is required in neurons to suppress apoptosis and the induction of a premature aging-like program characterized by
reduced antioxidant defenses. Before weaning, Bmi1 �/� mice display a progeroid-like ocular and brain phenotype, while Bmi1�/ � mice,
although apparently normal, have reduced lifespan. Bmi1 deficiency in neurons results in increased p19 Arf/p53 levels, abnormally high
ROS concentrations, and hypersensitivity to neurotoxic agents. Most Bmi1 functions on neurons’ oxidative metabolism are genetically
linked to repression of p53 pro-oxidant activity, which also operates in physiological conditions. In Bmi1 �/� neurons, p53 and corepres-
sors accumulate at antioxidant gene promoters, correlating with a repressed chromatin state and antioxidant gene downregulation.
These findings provide a molecular mechanism explaining how Bmi1 regulates free radical concentrations and reveal the biological
impact of Bmi1 deficiency on neuronal survival and aging.
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Introduction
Mitochondria are required for cellular aerobic respiration but are
also the main source of intracellular reactive oxygen species
(ROS), which are thought to be causal for most oxidative damage
that accumulates with age (Balaban et al., 2005; Halliwell, 2006;
Lin and Beal, 2006). The balance between ROS and antioxidant
molecules is critical to determine the rate of oxidative damage
accumulation, and thus possibly cellular and organism lifespan
(Harman, 1956).

The role of the p53 gene in organism aging and on cellular
oxidative metabolism remains highly controversial. A constitu-
tively active form of p53 was shown to induce a premature aging-
like phenotype in mice, while expression of a dominant-negative
form of p53 in the CNS of Drosophila was shown to result in
lifespan extension, both suggesting that p53 activity promotes

aging (Tyner et al., 2002; Bauer et al., 2005). In cell lines, p53
overexpression can also repress glutathione S-transferase �1
(GST�1), NAD(P)H quinone oxidoreductase (NQO1), and cys-
tine/glutamate transporter (xCT) expression, and interfere with
antioxidant defenses activated by Nrf2 (Faraonio et al., 2006). In
contrast, transgenic mice expressing an extra dose of the p53 and
p19Arf genes have reduced tumor incidence and extended median
but not maximum lifespan, and show increased resistance to
paraquat (Matheu et al., 2007). P53 is proposed to mediate these
biological effects by reducing ROS through activation of Sestrin1
and Sestrin2 (Sablina et al., 2005; Matheu et al., 2007). Whether
p53 is a proaging or antiaging gene and whether its activity is
pro-oxidant or antioxidant thus remains an open question.

Bmi1 is a member of the Polycomb group family. Polycomb
group proteins form large multimeric complexes that silence spe-
cific target genes by modifying chromatin organization (Valk-
Lingbeek et al., 2004). Bmi1�/� mice show axial skeleton defects
and impaired development and degeneration of the cerebellum
(Jacobs et al., 1999). Bmi1 is required for the proliferation of
hematopoietic and neural stem cells (Lessard and Sauvageau,
2003; Molofsky et al., 2003; Park et al., 2003). Bmi1-deficient
stem cells and mouse embryonic fibroblasts (MEFs) proliferate
poorly owing to derepression of the Ink4a/Arf locus (Jacobs et al.,
1999; Molofsky et al., 2003). The Ink4a/Arf locus encodes two
tumor suppressor proteins: p16 Ink4a and p19 Arf. P16 Ink4a is a
cyclin-dependent kinase inhibitor that blocks the activity of
Cdk4/6 by preventing its association with cyclin D, which results
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in Rb hypophosphorylation and cell cycle arrest or senescence.
P19 Arf binds and inhibits the activity of the E3-ubiquitin ligase
mouse double minute 2 (Mdm2), which prevents p53 targeting
for proteasomal degradation (Sherr, 2001; Sharpless et al., 2004).

We show here that Bmi1 is expressed in ocular tissues and in
postmitotic neurons of the CNS. Bmi1�/� mice display a
progeroid-like ocular and brain phenotype, while Bmi1�/ � mice
have reduced lifespan. Bmi1�/� neurons are hypersensitive to
several neurotoxic agents. They also present abnormally high
ROS concentrations, increased p19 Arf/p53 levels, and dramatic
reduction in antioxidant defenses. Genetic and molecular analy-
ses revealed that most Bmi1 effects on neurons’ oxidative metab-
olism are linked to repression of p53 pro-oxidant activity, which
also operates in physiological conditions.

Materials and Methods
Mice. Bmi1 �/� mice (in the C57BL/6 background) are a gift from M. van
Lohuizen (The Netherlands Cancer Institute, Amsterdam, The Nether-
lands). p53 heterozygote mice (B6.129S2-Trp53tm1Tyj/J) were pur-
chased from The Jackson Laboratory. Wild-type (WT) C57BL/6 inbred
mice (Charles River) were maintained in our facilities and used in accor-
dance with the Animal Care Committee of the Maisonneuve-Rosemont
Hospital Research Centre.

Neuronal cultures. Embryonic day 18.5 cortical neuron cultures were
established by mechanical dissociation of the cortices into a single-cell
suspension. Cells were plated at 1.5 � 10 5 cells/well on poly-L-lysine-
coated eight-well cultures slides (BD Biosciences) in serum-free media
containing Neurobasal-A medium (Invitrogen), Glutamax-I (Invitro-
gen), gentamycin (50 �g/ml; Invitrogen), B27 supplement (Invitrogen),
NGF (50 ng/ml; Invitrogen), and BDNF (0.5 ng/ml; Invitrogen). For the
�-amyloid transfection experiments, the human �-amyloid (1– 42 form)
(from n1953 to n2081; GenBank accession no. NM_201413) cDNA was
cloned by RT-PCR using human retina, and inserted into the DUAL-
IRESGFP plasmid. The plasmid was purified on cesium chloride column
by ultracentrifugation. Neurons were nucleofected with plasmid DNA
using the Mouse Neuron Nucleofector Kit according to manufacturer’s
instructions (Amaxa Biosystems). In these experiments, electroporation
efficiency was �10%.

Mouse embryonic fibroblasts. Cultures were established from day 14
(MEFs) or day 18 (MELFs) embryos and cultured at 3% or 20% oxygen
concentration in DMEM containing 10% FBS and gentamycin (50 �g/
ml; Invitrogen). Cells were frozen after the first passage following estab-
lishment and were considered at population doubling zero (PD 0) at this
point. Cell number was determined and population doubling calculated
at each passage. MEFs (PD 0) were infected overnight with high-titer
lentiviruses encoding either GFP or GSE22, a genetic suppressor element
of p53 [for details on lentivectors used, see Beauséjour et al. (2003)].
Lentiviral titers were adjusted to infect �90% of cells, and infection rates
were verified by immunohistochemistry.

Immunolabeling. For fixation, tissues were immersed for 1 h at room
temperature in 4% paraformaldehyde (PFA)/3% sucrose in 0.1 M phos-
phate buffer, pH 7.4. Samples were washed three times in PBS, cryopro-
tected in PBS/30% sucrose, and frozen in CRYOMATRIX embedding
medium (CEM) (Thermo Shandon). Otherwise, tissues were fixed in
10% buffered formalin and embedded in paraffin according to standard
protocols. Five- to seven-micrometer-thick sections were mounted on
Super-Frost glass slides (Fisher Scientific) and processed for immunoflu-
orescence or immunohistochemistry staining. For immunofluorescence
labeling, sections were incubated overnight with primary antibody solu-
tions at 4°C in a humidified chamber. After three washes in PBS, sections
were incubated with secondary antibodies for 1 h at room temperature.
Slides were mounted on coverslips in DAPI-containing mounting me-
dium (Vector Laboratories). For immunohistochemistry labeling,
formalin-fixed paraffin-embedded slices were analyzed by using the Vec-
tastain ABC kit (Vector) according to the manufacturer instructions.
Peroxidase substrates used are the Vector VIP (pink) (Vector), and DAB
(brown) (Sigma). Observations were made under a fluorescence micro-

scope (Leica DMRE, Leica Microsystems) and images were captured with
a digital camera (Retiga EX; QIMAGING; with OpenLab, version 3.1.1
software). Antibodies used in this study were sheep anti-Chx10 (Exalpha
Biologicals); rabbit anti-Pax6, rabbit anti-MAP2, mouse anti-NeuN, and
rabbit anti-GFAP (DAKO); rabbit anti-cleaved caspase-3 (Cell Signal-
ing); mouse anti-mouse Bmi1, mouse anti-human Bmi1, and rabbit anti-
human Bmi1 (US Biological); rabbit anti-p19 Arf (Abcam); and mouse
anti-BrdU (Sigma). Secondary antibodies used were FITC-conjugated
donkey anti-mouse and rhodamine-conjugated donkey anti-rabbit
(Millipore Bioscience Research Reagents) and AlexaFluor633-
conjugated donkey anti-sheep (Invitrogen).

Real-time RT-PCR. All primers were designed to flank individual ex-
ons and tested by PCR in RT � and RT � control extracts. Total RNA was
isolated using TRIzol reagent (Invitrogen). Reverse transcription (RT)
was performed using 1 �g of total RNA and the MML-V reverse tran-
scriptase (Invitrogen). PCR amplification was performed using the Hot-
Star TAQ polymerase (Invitrogen). PCR was run as follows: 94°C for 10
min, followed by 30 cycles of denaturing at 94°C, annealing at 57°C, and
extension at 72°C in an Applied Biosystems thermal cycler. Real-time
PCR was performed using the Platinum SYBRGreen SuperMix (Invitro-
gen) and a real-time PCR apparatus (Bio-Rad). Primers sets used were as
follows: Bmi1 (F) 5�-GGAGACCAGCAAGTATTGTCCTATTTG-3�;
(R) 5�-CTTACGATGCCCAGCAGCAATG-3�, p16 Ink4a (F) 5�-
CAACGCCCCGAACTCTTTC-3�; (R) 5�-GCAGAAGAGCTGCTA-
CGTGAAC-3�, p19 Arf (F) 5�-GGCTAGAGAGGATCTTGAGAAGAGG-
3�; (R) 5�-GCCCATCATCATCACCTGGTCCAGG-3�, bcl2l2 (F) 5�-
GACGAGTTTGAGACCCGTTT-3�; (R) 5�-ATCCAATCCTGCA-
CTTGTCC-3�, Noxa (F) 5�-AGTTCGCAGCTCAACTCAGG-3�; (R) 5�-
GCCGTAAATTCACTTTGTCTCC-3�, Puma (F) 5�-CAAGAAGAG-
CAGCATCGACA-3�; (R) 5�-TAGTTGGGCTCCATTTCTGG-3�, Apaf1
(F) 5�-TGCTCAGCGGATAAGAAGGT-3�; (R) 5�-TCCCAGAGC-
TTGAGGAAGAA-3�, xCT (F) 5�-TGGAGGTCTTTGGTCCTTTG-3�;
(R) 5�-CCAGGATGTAGCGTCCAAAT-3�, GST-1� (F) 5�-CGCCAC-
CAAATATGACCTCT-3�; (R) 5�-CCATGGCTCTTCAACACCTT-3�,
NQO1 (F) 5�-TTCTCTGGCCGATTCAGAGT-3�; (R) 5�-GAGTGT-
GGCCAATGCTGTAA-3�, Sod1 (F) 5�-CGGATGAAGAGAGGCAT-
GTT-3�; (R) 5�-CACCTTTGCCCAAGTCATCT-3�, Sod2 (F) 5�-GGC-
CAAGGGAGATGTTACAA-3�; (R) 5�-GCTTGATAGCCTCC-
AGCAAC-3�, Sestrin1 (F) 5�-TCGTGTGCACTCCTGAAAAG-3�; (R)
5�-TACCGGGTAATGGCTCTCAG-3�, Sestrin2 (F) 5�-CCTCCTTTGT-
GTTGTGCTGT-3�; (R) 5�-ACGGTTCTCCATTTCCTCCT-3�, and hprt
(F) 5�-ACTGTAATGATCAGTCAACGGG-3�; (R) 5�-GGCCTGTAT-
CCAACACTTGG-3�.

Western blotting. WT and Bmi1 �/� neurons were homogenized in
lysis buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, and
protease inhibitor cocktail). Following centrifugation at 10,000 rpm at
4°C for 10 min, pellets containing nuclei were dissolved in resuspension
buffer (10 mM HEPES, 0.4 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM

DTT, and protease inhibitors). Samples were ultracentrifuged at 55,000
rpm at 4°C for 10 min, and supernatants containing nuclear extracts were
analyzed by immunoprecipitation. Otherwise, total protein extracts were
prepared in buffer K (20 mM sodium phosphate, pH 7.0, 150 mM KCl, 30
mM sodium pyrophosphate, 0.1% NP-40, 5 mM EDTA, 10 mM NaF, 0.1
mM Na3VO4, and protease inhibitors). Proteins contents were quantified
using the Bradford reagent. For immunoprecipitation, we used a sheep
anti-p53 polyclonal antibody (EMD Biosciences), and Salmon Sperm
DNA-protein A/G beads (Millipore). Beads with bound immunocom-
plexes were washed with buffer K, and bound proteins were heat eluted
with Laemmli buffer. Eluted proteins were resolved by SDS-PAG electro-
phoresis and transferred to a nitrocellulose blotting membrane (Pall)
that was exposed to an anti-acetylated lysine antibody (Cell Signaling).
For Western blots on total protein extracts, the primary antibodies used
were rabbit anti-p53 polyclonal antibody, anti-Nrf2 polyclonal antibody,
and anti-PGC-1� polyclonal antibody (Santa Cruz Biotechnology), anti-
Sirt1 polyclonal antibody, anti-phospho-histone H2A.X monoclonal an-
tibody (Millipore), and anti-�-actin monoclonal antibody (Abcam).
Membranes were treated with corresponding horseradish peroxidase-
conjugated secondary antibodies (Sigma) and developed using the Im-
mobilon Western (Millipore).
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Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed using the ChIP Assay kit (Millipore). Briefly,
1–1.5 � 10 6 fixed cells were sonicated to shear the chromatin and im-
munoprecipitated using mouse anti-p53 (DO-1), goat anti-N-CoR
(Santa Cruz), rabbit anti-H3Me2Lys9, rabbit anti-H3Me2Lys27 (Cell
Signaling), rabbit anti-HDAC1, rabbit anti-acetyl-H4, and anti-mouse
IgG (Millipore) antibodies. Promoter fragments were amplified using
primers to x-CT, Sod2, and �-major chain as follows: x-CT (�193 to
�15); (F) 5�-ATCCATTGAGCAACCCACA-3� and (R) 5�-AGCTGAG-
CTGGTGTGTAATG-3�, and Sod2 (�537 to �23); (F1) 5�-CAAACCT-
GCGACGTGATTTA-3�, (R1) 5�-AGCTGCAAAGCTTCCACTCT-3�,
(F2) 5�-AATTTGGCACAGGGGAGAC-3� and (R2) 5�-CGCCCGAC-
ACAACATTATT-3� for site 1 and site 2, respectively, and �-major (F)
5�-CAGTGAGTGGCACAGCATCC-3�, (R) 5�-CAGTCAGGTGCAC-
CATGATGT-3�.

Microarray analyses. Total RNA was prepared using TRIzol reagent
(Invitrogen) and purified by the RNeasy MiniElute Cleanup kit (Qiagen)
from 5 WT and 5 Bmi1 �/� neuronal cultures. Microarray analysis using
BeadChip Mouse Genome (Illumina) was performed at the Centre
d’innovation at Genome Quebec (McGill University, Montreal, Quebec,
Canada). Data were analyzed using the FlexArray software.

Senescence-associated �-galactosidase assay. Senescence-associated
(SA) �-galactosidase staining was detected histochemically at pH 6 as
described previously (Dimri et al., 1995). Briefly, tissue slices were fixed
in PBS containing 1% formaldehyde, 0.4% glutaraldehyde, and 0.02%
Igepal. After three washes, slices were exposed to the X-gal solution (1
mg/ml X-gal; 5 mM K3Fe(CN)6; 5 mM K4Fe(CN)6; 1 mM MgCl2, in PBS;
pH 6.0). Slides were mounted and observations made under a micro-
scope (Leica DMRE, Leica Microsystems), and images were captured

with a digital camera (Retiga EX; QIMAGING; with OpenLab, version
3.1.1 software).

Cell viability analysis. For apoptosis, activated caspase-3 staining was
performed by IHC using a rabbit anti-cleaved caspase-3 antibody (Cell
Signaling). For the quantification of caspase-3-independent cell death
(i.e., vacuolization), neurons’ overall morphology was visualized by IHC
using the rabbit anti-MAP2 (Cell Signaling). Grades of vacuolization
were determined empirically according the vacuole density inside the
cell. The measure is qualitative by nature (grade I, few small vacuoles, i.e.,
close to but not normal; grade II, more vacuoles: clearly abnormal; grade
III, filled with vacuoles: near autolysis).

ROS and lipid peroxidation levels. Cortices were prepared on ice before
homogenization while cultured embryonic neurons were collected fol-
lowing trypsin treatment (TrypLE Express, Invitrogen). Samples were
homogenized in a Potter-Elvehjem homogenizer in 5 mM Tris-HCl
buffer, pH 7.4 (Merck). The dichlorodihydrofluorescein diacetate (DCF-
DA; Sigma) staining method was used for the quantification of ROS
generation (Radák et al., 2004). The dye was added to the homogenates to
achieve a final concentration of 25 �M. Fluorescence intensity was mon-
itored using a fluorescence multiwell plate reader (Perseptive Biosys-
tems), at excitation 485 nm and emission 530 nm. On the other hand,
homogenates were tested for lipid peroxidation by measuring the con-
centration of malondialdehyde (MDA) according to the thiobarbituric
acid reactive substrate (TBARS) method (Buege and Aust, 1978). The
homogenates were mixed to 0.6% TBA mixture and boiled for 30 min.
After cooling on ice, the chromogenic reaction was read in a spectropho-
tometer (Beckman) at 535 nm. Data are normalized to the amounts of
proteins per sample.

Statistical analysis. Statistical differences were analyzed using Student’s

Figure 1. Bmi1 is expressed in postmitotic neurons of the CNS. A, Frozen eye sections from d25 WT and Bmi1 �/� littermates were analyzed by immunofluorescence. No specific Bmi1 labeling
was detected in Bmi1 �/� samples. B, Brain sections from d25 WT and Bmi1 �/� littermates were analyzed as in A. C, Mouse and human brain sections were analyzed by immunohistochemistry
(Bmi1 is in brown; MAP2, NeuN, and GFAP are in pink). Scale bars, 20 �m. onl, Outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer.
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t test for unpaired samples. An ANOVA fol-
lowed by the Dunnett test was used for multiple
comparisons with one control group. For non-
parametric data analysis (i.e., cataract incidence
phenomenon), a � 2 test was performed. The
criterion for significance ( p value) was set as
mentioned in the figures.

Results
Bmi1 is expressed in ocular tissues and
postmitotic neurons of the mature CNS
In the rodent eye, all retinal cells are post-
mitotic by postnatal day (d) 25, and we
observed robust Bmi1 expression in reti-
nal neurons, ciliary body epithelium
(CBE), and lens cells of d25 and 9-month-
old mice (Fig. 1A, data not shown). Dual
immunofluorescence using antibodies
against the lineage-specific markers Chx10
and Pax6 showed that in the retina, Bmi1 is
expressed in bipolar and ganglion cells and
a subset of amacrine cells. Bmi1 was also
detected in mouse and human photore-
ceptors (Fig. 1A, data not shown). In the
mouse brain, Bmi1 was expressed in cells
of the upper cortical layers and the hip-
pocampus, but not in the white matter
(Fig. 1B, data not shown). Most CNS neurons in both humans
and mice expressed Bmi1 (Fig. 1B,C), while only some astrocytes
in mice did (Fig. 1C). These data indicate that Bmi1 is robustly
expressed in ocular tissues and in nearly all postmitotic neurons
of the developing and adult CNS of mice and men.

Bmi1 deficiency results in a premature aging-like
ocular phenotype
During the course of our study, we found that �90% of Bmi1�/�

mice (n � 10, p � 0.001) in the C57BL/6 genetic background
presented bilateral lens cataracts at d20 – d25 (Fig. 2A); remain-
ing Bmi1�/� mice had unilateral cataracts (n � 2). No cataracts
were found in WT littermates at this early age (n � 10). Lens
cataracts are well established biomarker of aging (The Italian-
American Cataract Study Group, 1991; Wolf et al., 2005). In cell
dissociation assays, we also found that the CBE of Bmi1�/� mice
was more sensitive to protease treatment than that of WT litter-
mates, with �90% of cell viability for 8 min of protease treatment
for WT (n � 5), and �90% of cell viability at 6 min 50 s of
protease treatment for Bmi1�/� (n � 3, p � 0.04). This suggests
that Bmi1 deficiency compromises the structural integrity of the
CBE extracellular matrix. Alterations of the extracellular matrix
are found in eyes of aged mammals (Ihanamäki et al., 2001). To
evaluate whether the observed cataracts were due to a develop-
mental defect or to accelerated aging, we tested the eyes for the
presence of SA �-galactosidase activity, an enzymatic biomarker
of cellular senescence (Dimri et al., 1995). We observed robust
staining for the SA �-galactosidase activity in the lens, and weaker
staining in the CBE of Bmi1�/� mice (Fig. 2A). Reactive gliosis in
the retina and brain is observed in neurodegenerative diseases
and CNS lesions and during normal aging in humans and mice
(Silver and Miller, 2004). Likewise, Bmi1�/� mice had a reactive
gliosis in the retina at d25 (Fig. 2B). Upregulation of p16 Ink4a and
p19 Arf genes has been correlated with normal tissue aging in vivo,
and we could confirm this in the CNS of aging mice and humans
by analyzing protein and gene expression (data not shown)
(Krishnamurthy et al., 2004). We dissected eye structures (lens,

retina, iris, and CBE) from WT and Bmi1�/� littermates at d25,
and evaluated p16 Ink4a and p19 Arf genes expression. Compared
with WT mice, expression of both genes was increased in most
eye structures of Bmi1�/� mice, including the retina (Fig. 2C).
These findings reveal that Bmi1 deficiency results in a premature
aging-like ocular phenotype.

Bmi1 gene dosage modulates lifespan
Bmi1�/ � mice are fertile and apparently normal, in contrast with
Bmi1�/� mice, which present growth defects and a lethality rate
exceeding 75% before weaning (Jacobs et al., 1999). However, we
noticed that �10% of Bmi1�/ � mice developed lens cataracts by
the time of weaning, in contrast to their WT littermates, which
did not have cataracts at this early age. This suggested the possi-
bility that Bmi1 gene dosage may influence cellular aging and
organism lifespan. To assess the potential involvement of Bmi1
gene dosage in the regulation of lifespan, we analyzed cohorts of
WT and Bmi1�/ � mice in the C57BL/6 genetic background over
a period of 36 months. In general, Bmi1�/ � mice were indistin-
guishable from their WT littermates. However, at 15 months of
age they progressively presented features resembling those of 22-
to 24-month-old C57BL/6 WT mice, such as hair loss covering
�20% of body surface, lens cataracts, and reduced locomotor
activity. Kaplan-Meyer analysis revealed that loss of one Bmi1
allele reduced the median and maximum lifespan by �35% (Fig.
3A). These data reveal that Bmi1 gene dosage can modulate
lifespan.

Loss of Bmi1 results in activation of a p53-dependent
apoptotic cascade in CNS neurons
Consistent with Bmi1 expression in most postmitotic cortical
neurons, we found a significant upregulation of p16Ink4a (174.9 �
33.7, p � 0.004), p19Arf (5.3 � 0.7, p � 0.002), and p21Cip1 (1.9 �
0.2, p � 0.006) in the cerebral cortex of Bmi1�/� mice (n � 3) at
P20 when compared with WT littermates (n � 4), as measured by
quantitative RT-PCR. Immunostaining also revealed robust
p19 Arf expression in individual cortical neurons (NeuN�) of

Figure 2. Bmi1 deficiency results in an early aging-like phenotype in the eye. A, Lenses from Bmi1 �/� mice show visible
cataracts (top panels). Frozen eye sections from WT and Bmi1 �/� littermate mice were stained for SA �-galactosidase activity
(arrowheads). B, Immunofluorescence analysis of 3-week-old WT and Bmi1 �/� mice retinal sections labeled with a GFAP
antibody. GFAP (red) is overexpressed in Bmi1 �/� retina. onl, Outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer;
C.B., ciliary body. Scale bars, 20 �m. C, Gene expression was analyzed by RT-PCR in WT, Bmi�/ �, and Bmi1 �/� eye structures.
hprt was used as internal standard.
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Bmi1�/� mice, but not of WT littermates (Fig. 3B). P19 Arf in-
creases p53 activity by inhibiting Mdm2-mediated p53 degrada-
tion (Sherr, 2006). The increased in p19 Arf expression in retinal
and cortical neurons of Bmi1�/� mice is thus predicted to in-
crease p53 activity. One way p53 might promote aging in the CNS
is by rending neurons more susceptible to apoptosis. Ectopic
expression of p53 in mouse cortical neurons has been shown to
induce apoptosis, and p53�/� neurons are resistant to apoptosis
induced by the topoisomerase I inhibitor and DNA-damaging
agent camptothecin (Fortin et al., 2001; Cregan et al., 2004). We
quantified the expression of p53 target genes involved in apopto-
sis in the cortex of Bmi1�/� mice. Puma, Noxa, Bcl2l2, and Apaf1
expression were significantly increased (Fig. 3C). Furthermore,
immunostaining for activated caspase-3, a marker of apoptosis,
showed that, compared with WT, Bmi1�/� mice had a threefold
to fivefold increased apoptosis in the cortex and hippocampus
(Fig. 3D).

To evaluate p53 expression in the CNS of WT and Bmi1-null
mice, we performed Western blot analysis on cortical extracts
using antibodies against p53. In these conditions, p53 was not
detectable. We rationalized that this could be explained by a di-
lution effect. To test this, we first analyzed Bmi1 expression in the
embryonic cortex at e18.5, and found robust expression in corti-
cal neurons (Fig. 4A). We then performed embryonic cortical
neuron cultures from e18.5 WT and Bmi1-null littermates, where
�95% of cells present after 7 d were postmitotic neurons express-

ing the neuronal marker MAP2 along with Bmi1 (Fig. 4B). As
expected, p16Ink4a and p19Arf expression levels were increased in
cultured Bmi1�/� neurons (Fig. 4C). We measured total p53
levels by Western blot at day 7 of culture. We found that in
Bmi1�/� neurons, the total amount of p53 was increased near 3.5
times at normal oxygen tension (data not shown). To further
validate our findings, we cultured WT and Bmi1�/� neurons at
3% oxygen concentration, to reduce oxidative stress. Using these
conditions, we observed that total p53 was increased �1.8 times
in Bmi1�/� neurons compared with WT (Fig. 4D). One post-
translational modification linked to p53 activation is lysine acet-
ylation, and recent work revealed that p53 acetylation (but not
phosphorylation) is indispensable for its growth arrest and apo-
ptotic activities (Vaziri et al., 2001; Tang et al., 2008). We found
that the acetylated form of p53 was increased �2.2 times in
Bmi1�/� neurons at normal oxygen tension (Fig. 4D). Because
Bmi1 deficiency may induce p53 activation through a p19 Arf-
independent pathway, such as through increased DNA damage,
we measured �H2AX levels by Western blot and immunofluores-
cence. �H2AX is a DNA damage sensor that also helps to main-
tain genome integrity, and DNA damage is followed by the accu-
mulation of �H2AX foci in the cell nucleus. In both WT and
Bmi1�/� neurons, �H2AX expression was not detected by West-
ern blot, and no differences could be observed either by immu-
nofluorescence (Fig. 4E, data not shown). Together, these results
suggest that loss of Bmi1 results in activation of a p53-dependent

Figure 3. Bmi1 modulates lifespan and neuronal apoptosis in the CNS. A, Kaplan-Meyer representation of the survival curves of WT and Bmi1�/ � mice (19 mice per cohort). Statistical
significance was assessed using the log rank test relative to WT; p 	 0.0001. B, Cortical sections from d25 WT and Bmi1 �/� littermates labeled with p19 Arf and NeuN antibodies. Arrowheads
indicate neurons expressing p19 Arf. Scale bars, 20 �m. C, Real-time PCR analysis of genes expression in the Bmi1 �/� cortex (relative to WT). Results are mean � SD (n � 4 sets of brains; **p 	
0.01). D, Immunohistochemistry analysis of WT and Bmi1 �/� brain sections labeled with anti-caspase-3 antibodies. Data are expressed as the percentage of caspase-3 � nuclei over total
hematoxylin-stained nuclei counts. Results are mean � SD (n � 5; **p 	 0.01).
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apoptotic cascade in the cerebral cortex, and reveal that p19 Arf

expression as well as total p53 level and p53 activation state are
increased in cultured Bmi1�/� neurons.

P53 inhibition can rescue Bmi1 �/� MEFs senescence and
proliferation phenotypes
Previous work revealed that Bmi1�/� MEFs proliferate poorly
and become prematurely senescent at passage 3 (Jacobs et al.,
1999). To evaluate the specific contribution of p53 to the pheno-
type of Bmi1�/� cells, we inhibited its activity in Bmi1�/� MEFs
using a retrovirus expressing a dominant-negative form of p53
(GSE22). In mice, ambient oxygen (20%) concentration is suffi-
cient to induce MEFs senescence through accumulation of oxi-
dative damage and induction of p53 (Parrinello et al., 2003). To

test the possibility that oxygen concentration may also influence
the Bmi1�/� phenotype, we cultured MEFs at 3% and 20% oxy-
gen concentration (Fig. 5A–D). We found that inactivation of
p53 in Bmi1�/� MEFs lead to a gradual but almost complete
rescue of growth capabilities in either 3% or 20% oxygen tension,
revealing that p53 inactivation alone is sufficient to rescue both
premature senescence and proliferation defects caused by the loss
of Bmi1 in MEFs.

Bmi1�/� neurons are hypersensitive to neurotoxic agents in a
p53-dependent manner
To address whether the apoptotic features observed in the CNS of
Bmi1�/� mice were cell autonomous to neurons and p53 depen-
dent, we used neuronal cultures. Neurons from both genotypes

Figure 4. P53 expression level and activation state are enhanced in Bmi1 �/� neurons. A, B, Bmi1 is expressed in embryonic cortical neurons. A, Sections of mouse embryos (e18.5) were analyzed
by IHC using a Bmi1 antibody. Bmi1 is highly expressed in neurons of the upper cortical layer. B, Embryonic (e.18.5) neurons were cultured on poly-L-lysine substrate in serum-free media containing
NGF and BDNF. Seven days later, they were labeled with Bmi1 and MAP2 antibodies and analyzed by immunofluorescence. Bmi1 (green) is coexpressed with the neuronal marker MAP2 (red)
(arrowheads). Scale bars, 20 �m. C, Real-time PCR analysis shows that p16Ink4a and p19Arf expression levels are increased in cultured Bmi1 �/� neurons. Results are mean � SD compared with WT
levels set at 1 (n � 3– 4 independent cell cultures; *p 	 0.05, **p 	 0.01). D, Western blot analysis shows that the expression levels of total and acetylated p53 are increased in cultured Bmi1 �/�

neurons. Data are calculated as ratios of p53 levels to those of �-actin. Ratios in Bmi1 �/� samples are compared with the ratios in WT samples set at 1 (n � 3 independent cultures; p � 0.02 for
p53 expression analysis, and p � 0.001 for acetylated p53 expression analysis). E, Western blot analysis of cultured WT and Bmi1 �/� neurons using an anti-�H2AX antibody shows that �H2AX is
not detected under these conditions. WT neural stem cells irradiated at 10 Gy were used as positive control.
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were treated with 1 �M camptothecin and analyzed in a time
course (Cregan et al., 2004). Our data revealed that at 24 h, �45%
of Bmi1�/� neurons had disappeared from the cultures, com-
pared with only �12% for WT neurons (Fig. 6). A similar trend
was found at 48 h (Fig. 6). Immunostaining of the cells 24 h after
treatment using an antibody against the activated form of
caspase-3 revealed a marked increase in apoptotic neurons in
Bmi1�/� samples compared with WT (Fig. 6A). To test the role
of p53 in this context, we infected neurons with an adenovirus
expressing a dominant-negative form of p53 (DNp53), which
blocks p53 tetramerization and DNA binding-dependent tran-
scriptional activity (Ferbeyre et al., 2002). In both WT and
Bmi1�/� neurons, DNp53 rescued camptothecin-induced apo-
ptosis (Fig. 6A), showing that Bmi1 deficiency results in a p53-
dependent increased sensitivity to DNA damages cause by topo-
isomerase I inhibition.

Exogenously added H2O2 induces neuronal death mainly by
activation of the MST/FOXO signaling pathway (Lehtinen et al.,
2006). To test the resistance of Bmi1�/� neurons to this oxidant,
we treated neurons with 5 �M H2O2. Sixteen hours later, we
analyzed cell number, caspase-3 activation, and cellular mor-
phology. Differences in cell viability were not found between WT

and Bmi1�/� neurons (Fig. 6B). Furthermore, addition of the
DNp53 virus did not rescue either WT or Bmi1�/� neurons’
viability. These data revealed that Bmi1 deficiency does not alter
neurons’ sensitivity to H2O2.

Bmi1�/� mice display a progeroid phenotype in the CNS and
age is the prime risk factor to develop Alzheimer’s disease. Based
on this, we hypothesized that Bmi1�/� neurons are more sensi-
tive to �-amyloid toxicity. Extracellular A�42 peptide accumu-
lates in senile plaques of Alzheimer’s patient brains, but evidence
reveals that intracellular A�42 also accumulates in neurons, and
that A�42-induced cell death in neurons is mediated by p53
(Zhang et al., 2002; Ohyagi et al., 2005; LaFerla et al., 2007). We
electroporated WT and Bmi1�/� neurons with plasmids driving
expression of A�42/GFP or of a mutated form lacking the first
ATG. Time course analyses of cell survival at 48, 72, and 96 h after
electroporation revealed that Bmi1�/� neurons were signifi-
cantly more sensitive to intracellular A�42 peptide toxicity than
WT neurons (Fig. 6C).

Bmi1�/� neurons are hypersensitive to a mitochondrial toxin
Mitochondria are the main source of intracellular ROS. To test
whether Bmi1�/� neurons were more sensitive to these metabo-

Figure 5. Premature senescence and slow proliferation phenotypes of Bmi1 �/� MEFs are p53 dependent. A, B, WT and Bmi1 �/� MEFs were cultured under 3% or 20% oxygen concentration
and population doublings (PD) were calculated at every passage. Cells were infected at PD 0 with a control retrovirus encoding GFP (-GFP) or GSE-22 (-GSE), a dominant negative peptide that
inactivates p53. GSE can rescue the premature senescence phenotype of Bmi1 �/� MEFs. C, D, BrdU incorporation assay (1 h exposure) reveals that GSE can restore Bmi1 �/� MEFs proliferation rate
close to that of WT-GFP or WT-GSE MEFs. Results are mean � SD of triplicates (data are representative of 4 independent cell cultures; **p 	 0.01).
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lites, we treated neurons with
3-nitropropionic acid (3-NP), a succinate
dehydrogenase inhibitor. 3-NP exposure
blocks complex II of the mitochondria re-
spiratory chain, generates mitochondrial
ROS, and leads to phase II antioxidant re-
sponse genes activation by Nrf2 (Calkins et
al., 2005; Shih et al., 2005). 3-NP treatment
induced caspase-3-dependent (apoptosis)
and caspase-3-independent (vacuoliza-
tion) neuronal cell death (Fig. 7A).
Bmi1�/� neurons were significantly more
sensitive than WT neurons to both forms
of 3-NP-induced cell death (Fig. 7A,B).
DNp53 rescued WT and Bmi1�/� neu-
rons from caspase-3-dependent cell death,
but only rescued Bmi1�/� neurons from
caspase-3-independent cell death (Fig.
7B). These results suggest that Bmi1-
deficiency possibly affects neurons’ capac-
ity to scavenge mitochondrial ROS.

Identification of new Bmi1-regulated
molecular pathways in neurons
To identify Bmi1-regulated molecular
pathways that could explain the increase
sensitivity of Bmi1�/� neurons to a mito-
chondrial toxin, we performed DNA mi-
croanalyses on cultured embryonic corti-
cal neurons. Because Bmi1 is a
transcriptional repressor, we first focused
on upregulated genes. Our data reveal that
in Bmi1�/� neurons, there is an upregula-
tion of most previously identified Bmi1-
target genes, including p16 Ink4a, p21 Cip1,
and Hox genes (Hoxa5, Hoxd8, and
Hoxa7), as well as previously uncharacter-
ized Bmi1-regulated homeobox genes
(Engrailed 1 and Tal1) (Table 1)
(Molofsky et al., 2003). New potential
Bmi1-regulated genes involved in neuro-
genesis (dendrin, decorin, and neuritin),
cell survival (Eda2r, Gria3, and
�-synuclein), or neuronal functions
(AMPA3, GABAA, and neurotensin) were
also identified. Notably, we identified four
genes involved in antioxidant defenses
that are downregulated in Bmi1�/� neu-
rons (Nrf1, GST-1�, Aldh6a1, and
Sestrin1), suggesting that the oxidative
metabolism may be affected by Bmi1 defi-
ciency (Table 1).

Reduced antioxidant defenses in Bmi1�/�

neurons is linked to p53 activity
To test the possibility that Bmi1 regulates
the oxidative metabolism in neurons, we quantified ROS levels.
Notably, we found a twofold increase in ROS concentrations in
cultured Bmi1�/� neurons compared with WT (Fig. 8A). Infec-
tion with the DNp53 adenovirus (or supplementation with the
antioxidant N-acetyl-cysteine) efficiently restored ROS concen-
trations to WT levels, suggesting that ROS accumulation in
Bmi1�/� neurons is dependent on increased p53 activity (Fig.

8A). Because DNp53 might also interfere with the function of
other proteins, including the p53-family members p63 and p73
(Jacobs et al., 2006), we further assess the specific role of p53 in
this context by using p53 knock-out mice. WT, Bmi1�/�,
p53�/�, and Bmi1�/�/p53�/� embryos were used to establish
cortical neuron cultures. After 1 week, we quantified ROS levels
and found that genetic ablation of p53 could also prevent ROS

Figure 6. Bmi1 �/� neurons are hypersensitive to neurotoxic agents. A, Neurons were treated with camptothecin (CA; 1 �M)
and labeled with MAP2 and caspase-3 antibodies. Data are expressed as the percentage of MAP2 �/caspase-3 � cells over total
MAP2 � cells. Results are mean � SD (n � 5; *p 	 0.05; **p 	 0.01) (left panel). Total number of viable neurons was calculated
at time 0, 24, and 48 h after CA exposure for WT and Bmi1 �/� neurons to generate a time course plot. Results are mean � SD
(n � 3; **p 	 0.01 compared with WT) (right panel). B, Neurons were treated with H2O2 (5 �M), and cell death was analyzed and
expressed as the percentage of vacuolized MAP2 � cells over total MAP2 � cells. Results are mean � SD (n � 5). Vacuolization
grades reflect the degree at which neurons are affected; grade I, mildly affected; grade II, moderately affected; grade III, severely
affected (left panel). Total number of viable WT and Bmi1 �/� neurons was calculated at various H2O2 concentrations to define
the EC50 values. Data were calculated using three independent cell cultures. Values in brackets are the EC50 values (right panel). C,
Neurons were electroporated with plasmids driving expression of A�42, or A�42 lacking the first ATG (control). Both A�42 and
control constructs carried the GFP transgene. We performed the analysis by counting the total number of neurons double positive
for MAP2 � and GFP � staining at different time points. Data are expressed as percentages relative to control-plasmid transfected
WT neurons. Results are mean � SD (n � 3; *p 	 0.05; **p 	 0.01).
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accumulation in Bmi1�/� neurons (Fig. 8B). These results sug-
gest that in Bmi1�/� neurons, p53 is stabilized or activated, re-
sulting in elevated ROS concentrations.

To address how Bmi1 deficiency leads to elevated ROS con-
centrations, we evaluated the expression of several antioxidant
genes, including those previously linked to p53 activity, i.e.,
GST�1, NQO1, xCT, Sestrin1, Sestrin2, Cu/Zn superoxide dis-
mutase (Sod1), and Mn superoxide dismutase (Sod2) in WT,
Bmi1�/�, Bmi1�/�/p53�/�, or DNp53-infected Bmi1�/� cul-
tured neurons (Sablina et al., 2005; Dhar et al., 2006; Faraonio et
al., 2006; Matheu et al., 2007). We found that compared with WT,
expression of all tested genes was reduced in Bmi1�/� neurons,
and that this reduction was most dramatic for phase II genes (Fig.
8C). Importantly, DNp53 could restore the expression of most
genes to WT levels in Bmi1�/� neurons, similarly as genetic ab-
lation of p53 (Fig. 8C,D). We also cultured neurons at 3% oxygen
concentration. We found that reducing oxygen concentration
had no impact on ROS levels in Bmi1�/� and Bmi1�/�/p53�/�

neurons (Fig. 9A, data not shown). These results reveal that ab-

normal antioxidant gene expression in
Bmi1�/� neurons is genetically linked to
p53 activity.

To further explore the underlying mo-
lecular mechanism, we compared the ex-
pression of Sirt1, peroxisome proliferator-
activated receptor gamma coactivator-1 �
(PGC-1�), and Nrf2 in WT and Bmi1�/�

neurons. PGC-1� and Nrf2 are activators
of antioxidant defense genes in neurons,
and Sirt1 can promote PGC-1� activity by
deacetylation (Calkins et al., 2005; Shih et
al., 2005; St-Pierre et al., 2006; Kim et al.,
2007). Sirt1, PGC-1�, and Nrf2 protein
levels were modestly increased in Bmi1�/�

neurons, and the acetylated form of
PGC-1� was slightly reduced (Fig. 8E). No
significant variations in gene expression
were found by quantitative RT-PCR (data
not shown). Thus, expression levels of
PGC-1�, Nrf2, and Sirt1 are close to nor-
mal in Bmi1�/� neurons.

To test the possibility that antioxidant
genes are actively repressed by p53 in
Bmi1�/� neurons, we performed ChIP ex-
periments at the xCT and Sod2 promoters.
When compared with WT, we found that
p53 was enriched at the xCT and Sod2 pro-
moters in Bmi1�/� neurons, and this cor-
related with a repressed chromatin state, as
shown by the accumulation of bimethyl-
ated histone H3 at lysine 9 and 27 (Fig. 8F)
(Sparmann and van Lohuizen, 2006). No
variations were found for acetylated his-
tone H4, a mark of active chromatin. We
also assess whether p53 accumulation at
these regions of the chromatin was ac-
companied by the presence of corepres-
sors. HDAC3/N-CoR and HDAC1/Sin3a
corepressor complexes have been de-
scribed in various systems (Jepsen and
Rosenfeld, 2002; Karagianni and Wong,
2007). We found that HDAC1 and
N-CoR were enriched at the xCT and

Sod2 promoters in Bmi1 �/� neurons. No variations were
found at the �-globin promoter, which was used as an internal
control (Fig. 8 F). These findings suggest that Bmi1 deficiency
results in increased ROS concentration in neurons due to a
repressive action of p53 on the expression of antioxidant genes
(see model in Fig. 9C).

P53 is pro-oxidant in neurons and in the CNS in
physiological conditions
In physiological conditions, p53 is proposed to have an antioxi-
dant activity in most tissue and primary cell lines, such as in
embryonic lung fibroblasts (Matheu et al., 2007). However, we
found that genetic ablation of p53 in Bmi1�/� neurons could
restore ROS to normal levels, showing that p53 is pro-oxidant in
this pathological context. To explore the possibility that p53 is
also pro-oxidant in neurons in physiological conditions, we es-
tablished neuronal and lung fibroblast cultures from WT and
p53�/� embryos at 3% and 20% oxygen concentration. At day 7
after plating (neurons) or passage 1 (lung fibroblasts), we mea-

Figure 7. Bmi1 �/� neurons are hypersensitive to the mitochondrial toxin 3-NP. A, B, E18.5 WT and Bmi1 �/� neurons were
exposed to 3-NP (2 mM) for 16 h. A, Neurons were labeled with caspase-3 (brown) and MAP2 (pink) antibodies, and analyzed by
IHC. Upon 3-NP exposure, most Bmi1 �/� neurons presented caspase-3-dependent (arrowhead) or caspase-3-independent
(vacuolization; arrow) cell death. Caspase-3-positive nuclei not expressing MAP2 represent remains of dead astrocytes or fibro-
blasts. Scale bar, 20 �m. B, Data are expressed as the percentage of MAP2 �/caspase-3 � cells over total MAP2 � cells (left panel)
or as the percentage of vacuolized MAP2 � cells over total MAP2 � cells (right panel). Vacuolization grades are as described in
Figure 6 B. Results are mean � SD (n � 5; *p 	 0.05; **p 	 0.01).
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sured ROS level and compared gene expression. Notably,
p53 �/� neurons showed reduced ROS level when compared
with WT at both oxygen concentrations (Fig. 9A). In contrast,
p53 �/� lung fibroblasts presented increased ROS concentra-
tions in the same conditions (Fig. 9B). Consistently, p53 defi-
ciency in neurons resulted in upregulation of xCT, GST�1,
NQO1, and Sestrin1 expression when compared with WT,
with the exception of Sestrin2, which expression was modestly
reduced (Fig. 9A). In contrast, GST�1, NQO1, and Sestrin2
expression was reduced in p53 �/� lung fibroblasts, while
Sestrin1 expression was increased (Fig. 9B). Little variations in
ROS levels were observed by modifying oxygen concentration
in neurons, but not in MELFs (Fig. 9 A, B). To validate these
observations in vivo, we compared lipid peroxidation and gene
expression in the brain, lung, and liver of WT and p53 �/�

littermates at 2 months of age. Lipid peroxidation is the result
of cumulative oxidative damage to cell membranes and thus
reflects imbalance in ROS levels. Analysis of older p53-null
mice was not possible due to the rapid development of tumors
in these animals. When compared with WT, we found that
lipid peroxidation levels were much higher in the liver and

lung of p53 �/� mice and significantly lower (by 42%) in the
brain (Table 2). Furthermore, real-time PCR analyses revealed
that antioxidant gene expression levels are significantly higher
in the cortex of p53-null mice than in their WT littermates
(Table 2). Thus, in sharp contrast with the proposed general
antioxidant function of p53 (Matheu et al., 2007), our results
demonstrate that p53 is pro-oxidant in neurons and in the
CNS of mammals in pathological and physiological conditions
(see model in Fig. 9C).

Discussion
The Bmi1 oncogene has been extensively studied for its role in the
maintenance of cell proliferation (Sparmann and van Lohuizen,
2006). However, Bmi1 is also widely expressed in postmitotic
ocular tissues and in neurons of the adult CNS (this study). Here,
we uncover a new function for Bmi1 in controlling survival and
antioxidant defenses in neurons through repression of p53 pro-
apoptotic and pro-oxidant activities. These findings have impli-
cations for the understanding of normal CNS aging and age-
related neurodegenerative diseases.

Table 1. List of genes whose expression is modulated in cultured Bmi1�/� neurons

Accession Fold p value qPCR

Upregulated genes
Cyclin-dependent kinase inhibitor 2A (Cdkn2a), mRNA NM_001040654 5.43 0.0012 85.5 � 12.0
Decorin (Dcn), mRNA NM_007833 3.92 0.0170 1.8 � 0.1
Cyclin-dependent kinase inhibitor 1A (P21) (Cdkn1a), mRNA NM_001111099 3.48 0.0011 1.5 � 0.1
Homeobox A5 (Hoxa5), mRNA NM_001111099 3.35 0.0068 nd
Neurotensin (Nts), mRNA NM_024435 3.27 0.0245 nd
Engrailed 1 (En1), mRNA NM_010133 3.13 0.0044 nd
Dendrin (Ddn), mRNA NM_001013741 3.07 0.0370 1.9 � 0.1
Homeobox D8 (Hoxd8), mRNA NM_008276 2.87 0.0031 nd
T-cell acute lymphocytic leukemia 1 (Tal1), mRNA NM_011527 2.83 0.0001 nd
Ectodysplasin receptor (Eda2r), mRNA NM_175540 2.52 0.0343 4.1 � 0.6
Homeobox A7 (Hoxa7), mRNA NM_010455 2.42 0.0089 194.3 � 31.1
Heparan sulfate D-glucosamyl 3-O-sulfotransferase-2

(HS3ST2), mRNA
NM_001081327 2.36 0.0415 nd

Potassium voltage-gated channel, Shaw-related subfamily,
member 4 (Kcnc4), mRNA

NM_145922 2.33 0.0012 nd

Crystallin, mu (Crym), mRNA NM_016669 2.31 0.0004 nd
Regulator of G-protein signaling 4 (Rgs4), mRNA NM_009062 2.31 0.0175 nd
Guanine deaminase (Gda), mRNA NM_010266 2.30 0.0313 nd
Neuritin 1 (Nrn1), mRNA NM_153529 2.30 0.0010 nd
Fos-like antigen 2 (Fosl2), mRNA NM_008037 2.30 0.0035 nd
Glutamate receptor, ionotropic, AMPA3 (�3) (Gria3), mRNA NM_016886 2.29 0.0010 nd
Synuclein, � (Snca), mRNA NM_009221 2.26 0.0183 1.9 � 0.2
RAS protein-specific guanine nucleotide-releasing factor 1

(Rasgrf1), mRNA
NM_011245 2.25 0.0057 nd

Epoxide hydrolase 1, microsomal (Ephx1), mRNA NM_010145 2.21 0.0205 nd
Growth differentiation factor 10 (Gdf10), mRNA NM_145741 2.17 0.0119 nd
Argininosuccinate synthetase 1 (Ass1), mRNA NM_007494 2.12 0.0032 nd
GABAA receptor, subunit � 1 (Gabrb1), mRNA NM_008069 2.09 0.0097 nd
Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4)

(Cdkn2b), mRNA
NM_007670 2.07 0.0014 nd

Contactin-associated protein 4 (Cntnap4), mRNA NM_130457 2.04 0.0148 nd
Insulin-like growth factor 2 (Igf2), mRNA NM_001122737 2.02 0.0010 nd
Glycine receptor, �2 subunit (Glra2), mRNA NM_183427 2.02 0.0162 nd

Downregulated genes
Nuclear respiratory factor 1 (Nrf1), mRNA NM_010938 0.82 0.0245 0.5 � 0.1
Similar to glutathione S-transferase, mRNA XM_001473911 0.80 0.0411 0.3 � 0.1
Sestrin 1 (Sesn1), mRNA NM_001013370 0.72 0.0014 0.6 � 0.1
Aldehyde dehydrogenase family 6, subfamily A1

(Aldh6a1), mRNA
NM_134042 0.72 0.0389 nd

nd, Not determined.

538 • J. Neurosci., January 14, 2009 • 29(2):529 –542 Chatoo et al. • Bmi1 Regulates Antioxidant Defenses



Bmi1 and the p19 Arf/p53 pathway
We have shown that in vivo, p19Arf RNA and protein expression
levels are increased in Bmi1�/� neurons, and that the down-
stream p53 apoptotic cascade is activated. In vitro, Bmi1�/� neu-
rons have increased total and activated p53 protein levels, are
hypersensitive to camptothecin-induced apoptosis, and can be
rescued by the DNp53 virus. These data suggest that p53 mediates
most of the apoptotic phenotype observed in Bmi1�/� neurons.
We also found that Bmi1�/� neurons also present abnormally
high free radical concentrations and are hypersensitive to a mi-
tochondrial toxin, implying a role for Bmi1 in regulation of mi-
tochondria oxidative metabolism. Genetic inactivation of p53 re-
vealed that deregulation of the oxidative metabolism in Bmi1�/�

neurons is mostly, if not entirely, mediated by p53. This is sup-

ported by the observation that antioxidant
gene levels in Bmi1�/�/p53�/� neurons
(where xCT and GST have supraphysi-
ologic levels) are almost identical to those
observed in p53�/� neurons (compare
Fig. 8D with Fig. 9A). However, total ROS
levels are apparently distinct between
Bmi1�/�/p53�/� and p53�/� neurons
(compare Fig. 8B with Fig. 9A). These ob-
servations suggest that most but maybe
not all Bmi1 functions are mediated
through repression of p53 activity. These
additional functions may be explained by
p19 Arf-mediated actions through Mdm2
on the p63 and p73 protein variants, which
are also expressed in CNS neurons (Jacobs
et al., 2006).

P53 and CNS aging
Upon accumulation of mutations, p53
promotes apoptosis or senescence in pre-
malignant tissues to prevent carcinogene-
sis (Sherr, 2001; Sharpless et al., 2004).
One way p53 may promote mitochondria-
mediated cell death in dividing cells is by
increasing ROS concentrations through
repression of antioxidant genes (Dhar et
al., 2006; Faraonio et al., 2006). Paradoxi-
cally, p53 was proposed to stimulate anti-
oxidant defenses in various organs in
physiological conditions through its posi-
tive action on Sestrin(s), and thus protect
the genome from accumulation of muta-
tions by lowering intracellular ROS levels
(Sablina et al., 2005; Matheu et al., 2007).
During development, p53 has a function in
eliminating supernumerary neurons and
neuronal progenitors (Jacobs et al., 2006).
Later on, p53 is required to prevent tumor
development from progenitor/stem cells,
oligodendrocytes, or astrocytes. However,
p53 activity is apparently not required in
adult neurons, which are postmitotic and
not tumor prone. Rather, all evidence sug-
gests that p53 activity in neurons is patho-
logical (Zhang et al., 2002; Bae et al., 2005;
Ohyagi et al., 2005; Nair, 2006; Nair et al.,
2006; Kieran et al., 2007).

We found here that in contrast with
other organs and cultured lung fibroblasts, p53 is pro-oxidant in
brain tissue and cultured neurons. Our data argue that p53 is
always active in neurons to levels that are pro-oxidant, in sharp
contrast with other cell types. Notably, expression of a dominant-
negative form of p53 in the CNS of Drosophila, but not in other
organs, was shown to result in lifespan extension and improved
resistance to paraquat, suggesting that the deleterious function of
p53 in neurons is conserved in insects (Bauer et al., 2005). These
observations may explain why transgenic mice with extra copies
of p53 and p19Arf do not have an increase in maximum lifespan,
despite being protected from tumor burden (Matheu et al.,
2007). In these animals, increasing p53 gene dosage is predicted
to increase oxidative damage accumulation in the CNS, which is
unlikely to promote lifespan extension.

Figure 8. Antioxidant defenses are deficient in Bmi1 �/� neurons. A, ROS concentrations were measured with the fluorescent
dye DCFDA. Data were normalized to the protein contents and expressed as fold change relative to WT. Results are mean � SD
(n � 3 independent cultures; *p 	 0.05; **p 	 0.01). B, ROS levels in Bmi1 �/� and Bmi1 �/�/p53 �/� neurons. Measure-
ments were done as in A. C, D, Gene expression levels were analyzed by real-time PCR in Bmi1 �/�, DNp53-infected Bmi1 �/�,
and Bmi1 �/�/p53 �/� neurons. Dashed lines represent the basal gene expression level measured in WT neurons (normalized to
1). Results are mean � SD (n � 5 independent cultures; *p 	 0.05; **p 	 0.01). E, Western blot analysis of neuronal extracts for
the expression of Sirt1, Nrf2, and total and acetylated forms of PGC-1�. For PGC-1� detection, proteins were immunoprecipitated
with an anti-PGC-1� antibody and Western blotting were done using anti-PGC-1� antibody (total PGC-1�), or an anti-
acetylated-lysine (K acet.). �-Actin was used as loading reference. F, Chromatin immunoprecipitation was performed with WT
and Bmi1 �/� neuronal extracts. Immunoprecipitated DNA/protein complexes were analyzed using primers directed against the
xCT, Sod2 (2 sites), and �-major promoters. Results are mean � SD (n � 3 independent cultures; *p 	 0.05 compared with
values in WT set at 1).

Chatoo et al. • Bmi1 Regulates Antioxidant Defenses J. Neurosci., January 14, 2009 • 29(2):529 –542 • 539



Bmi1, aging, and
neurodegenerative diseases
The function of Bmi1 on the antioxidant
defense system appears to overlap only
partially with that of PGC-1�. PGC-1��/�

mice show only a modest reduction in the
basal expression level of Sod1, Sod2, and
catalase genes in the brain, but PGC-
1��/� cells are highly inefficient to acti-
vate antioxidant genes expression when
challenged with oxidants (St-Pierre et al.,
2006). In contrast, Bmi1�/� neurons have
abnormally low basal expression levels for
most antioxidant genes, yet can still re-
spond to 3-NP treatment by activating
phase II gene expression, although less ef-
ficiently (data not shown). These observa-
tions suggest that Bmi1 deficiency results
in the constitutive repression of antioxi-
dant genes (model in Fig. 9), while
PGC-1� deficiency results in defective ac-
tivation of antioxidant genes upon acute
oxidative stress. In contrast to Bmi1�/�

neurons, PGC-1��/� cells are also more
sensitive to the action of H2O2. Impor-
tantly, catalase, which scavenges H2O2, is
mostly present in the nonmitochondrial
cytoplasm and peroxisomes, and thus may
be more protective against exogenous
H2O2 than against mitochondrial ROS.
Catalase is the only antioxidant gene we
tested which expression is unaffected in
Bmi1�/� neurons.

The free radical theory of aging pro-
poses that cellular and DNA damage pro-
duced by mitochondrial ROS are the
causal factor of cellular and organismal ag-
ing (Harman, 1956), and we have shown
here that loss of Bmi1 leads to a dramatic
reduction in antioxidant defenses and to
concomitant increase in ROS concentra-
tions. Furthermore, Bmi1�/� neurons are
hypersensitive to neurotoxic agents and
have an elevated level of spontaneous apo-
ptosis in nontoxic conditions when com-
pared with WT neurons. Together, these
results provide a most plausible mecha-
nism to explain why Bmi1-deficient mice
and neurons age prematurely. In the con-
text of normal aging, our finding brings
the possibility that reduced BMI1 expression in human brain
neurons may contribute to the age-associated reduction in anti-
oxidant defenses, leading to accumulation of oxidative damage
and to neuronal dysfunction. The activity of Bmi1 against mito-
chondrial ROS may be also relevant to age-associated neurode-
generative diseases where cell death is apparently mediated by
oxidative damage, such as in Parkinson disease (Thomas and
Beal, 2007). Bmi1 activity against p53-mediated neuronal apo-
ptosis may be relevant to Alzheimer’s and Huntington’s diseases.
P53 expression is increased in Alzheimer’s disease brains, its tran-
scription is activated by intracellular A�42, and p53 inhibition
prevents A�42-induced neuronal cell death (Zhang et al., 2002;
Ohyagi et al., 2005). We found here that Bmi1 deficiency sensi-

tizes neurons to apoptosis induced by the intracellular A�42 pep-
tide. Because this system is far from physiological conditions,
more work will be required to evaluate the possible implication of
BMI1 in Alzheimer’s disease. In the Huntington’s disease brain,
complex II activity is reduced, and 3-NP administration results in
a striatal movement disorder in rodents and primates resembling
Huntington’s disease (Lin and Beal, 2006). Notably, p53 is acti-
vated by mutant Huntingtin protein (Bae et al., 2005). We found
that Bmi1 deficiency dramatically increases neurons’ vulnerabil-
ity to 3-NP toxicity and that p53 inhibition can rescue this phe-
notype. Our study reveals how the activity of Bmi1 in postmitotic
neurons is required to block the induction of a proapoptotic and
pro-oxidant molecular aging program mostly driven by p53.

Figure 9. p53 is pro-oxidant in cultured neurons and in the CNS. A, ROS levels in WT and p53 �/� neurons cultured at 3% or
20% oxygen concentrations. Data are represented as fold change relative to WT samples. Results are mean � SD (n � 3; *p 	
0.05) (left panel). Expression levels of antioxidant genes in p53 �/� neurons were analyzed by real-time PCR. Dashed line
represents the basal gene expression level measured in WT neurons (normalized to 1). Results are mean�SD (n�3 independent
cultures; *p 	 0.05; **p 	 0.01) (right panel). B, ROS (left panel) and gene expression (right panel) levels in WT and p53 �/�

mouse embryonic lung fibroblasts (MELFs) were analyzed as in (A) (n � 3; *p 	 0.05; **p 	 0.01). C, Working model. i, Upon
oxidative stress, Nrf2 and PGC-1� are recruited to antioxidant gene promoters to induce transcription. ii, In physiological condi-
tion, p53 may compete or not with Nrf2 and PGC-1� for association at promoters, establishing equilibrium. iii, Bmi1 deficiency
leads to increase p53 accumulation at promoters and to gene repression through recruitment of corepressors. The p53 repressor
complex may or may not displace Nrf2 and PGC-1� from the promoter.
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