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Neurobiology of Disease

BH3-Only Proapoptotic Bcl-2 Family Members Noxa and
Puma Mediate Neural Precursor Cell Death
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Neural precursor cells (NPCs) are highly sensitive to genotoxic injury, which triggers activation of the intrinsic mitochondria-dependent
apoptotic pathway. This pathway is typically initiated by members of the BH3 (Bcl-2 homology 3)-only subgroup of the Bcl-2 (B-cell
CLL/lymphoma 2) protein family, which are positioned upstream in the apoptotic pathway to respond to specific death stimuli. We have
shown previously that NPCs deficient in the tumor suppressor protein p53 show significantly less death after exposure to genotoxicinjury
or to staurosporine (STS), a broad kinase inhibitor and potent apoptosis inducer. p53 has been shown to regulate the expression of both
Noxa and Puma, two BH3-only proteins, although their involvement in p53-dependent cell death appears to be cell-type and stimulus
specific. A systematic comparison of the relative contributions of Noxa and Puma to NPC apoptosis has not yet been performed. We
hypothesized that p53-dependent transcription of Noxa and Puma leads to death in telencephalic NPCs exposed to genotoxic stress. We
found that genotoxic injury induces a rapid p53-dependent increase in expression of Noxa and Puma mRNA in telencephalic NPCs.
Furthermore, deficiency of either Noxa or Puma inhibited DNA damage-induced caspase-3 activation and cell death in telencephalic
NPCs in vitro. However, only Puma deficiency protected telencephalic ventricular zone NPCs from death in vivo. In contrast to genotoxic
injury, STS produced a p53-independent increase in Noxa and Puma expression, but neither Noxa nor Puma was required for STS-
induced NPC death. Together, these experiments identify Noxa and Puma as important regulators of genotoxin-induced telencephalic

NPC death.
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Introduction

Neural precursor cells (NPCs) include both multipotent neural
stem cells and lineage-restricted neural progenitor cells (Rao,
1999). NPCs are found in the embryonic ventricular zone of the
forebrain, in the external granule cell layer of the postnatal cere-
bellum, and in neurogenic regions of the adult brain (Temple,
2001). Unlike postmitotic neurons, NPCs are extremely sensitive
to genotoxic injury (Roth and D’Sa, 2001; Akhtar and Roth,
2006).

Members of the Bcl-2 (B-cell CLL/lymphoma 2) family of
proteins are activated by a variety of apoptotic stimuli, including
genotoxic injury, in mammalian cells (Huang and Strasser, 2000;
Coryetal., 2003). In NPCs, the proapoptotic Bcl-2 molecules Bax
(Bcl-2-associated X protein) and Bak (Bcl-2-antagonist/killer)
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mediate the release of mitochondrial cytochrome ¢ into the cy-
tosol after genotoxic stress (D’Sa et al., 2003; Lindsten et al.,
2003). Furthermore, p53 is essential for DNA damage-induced
death of NPCs (D’Sa-Eipper et al., 2001; Semont et al., 2004). A
subgroup of the Bcl-2 family, the so-called BH3 (Bcl-2 homology
3)-only proteins, are activated (transcriptionally and/or post-
translationally) by a variety of intracellular and extracellular
death stimuli (Akhtar et al., 2004) and relay signals to proapop-
totic and antiapoptotic multi-BH domain Bcl-2 family members,
such as Bax, Bak, Bcl-2, and Bcl-X; . The BH3-only proteins that
link DNA damage-induced p53 activation to Bax- and Bak-
dependent apoptosis of NPCs have been incompletely defined,
but Noxa and Puma have been implicated on the basis of studies
in other cell types (Villunger et al., 2003). Whether Noxa, Puma,
or both are induced by p53 depends on the cell type and the
nature of the apoptotic stimulus (Coultas et al., 2002). Puma
appears to be critical for y-irradiation-induced NPC apoptosis in
postnatal cerebellar external granule cells (Jeffers et al., 2003).
However, it is unclear whether other BH3-only molecules, such
as Noxa, are involved in this process or whether Puma has a
similar function in telencephalic NPCs.

In many but not all cases, the expression of Noxa and Puma in
response to apoptotic stimuli is p53 dependent (Oda et al., 2000;
Han et al., 2001; Nakano and Vousden, 2001; Yu et al., 2001; Fei
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et al., 2002; Schuler et al., 2003; Shibue et al., 2003; Cregan et al.,
2004; Kim et al., 2004; Kiryu-Seo et al., 2005; Wong et al., 2005).
However, induced expression of either Noxa or Purma in response
to other apoptotic stimuli (e.g., glucocorticoids) has been ob-
served in certain p53-deficient cells (e.g., thymocytes) (Han et al.,
2001; Fei et al., 2002; Reimertz et al., 2003; Hershko and Gins-
berg, 2004; Kim et al., 2004; Qin et al., 2004; Luo et al., 2005). In
this report, we investigated the expression of Noxa and Puma in
telencephalic NPCs exposed to genotoxic stress. We used stauro-
sporine (STS), which induces p53-dependent yet transcription-
independent apoptosis in NPCs, to ascertain whether Noxa or
Puma expression in NPCs was stimulus specific (D’Sa-Eipper and
Roth, 2000;Akhtar et al., 2006). To determine whether these pro-
teins are regulated by a p53-independent process, we measured
Noxa and Puma expression in p53-deficient NPCs. Finally, we
examined the requirement for these BH3-only proteins in DNA
damage-induced death using NPCs that lack either Noxa or
Puma. Our findings identify both Noxa and Puma as important
mediators of p53-dependent apoptosis in telencephalic NPCs.

Materials and Methods

Chemicals. Cytosine arabinoside (AraC), camptothecin (CPT), bleomy-
cin (BLM), etoposide (ETO), and STS were purchased from Sigma (St.
Louis, MO). BOC-aspartyl(Ome)-fluoromethyl ketone (BAF) was pur-
chased from MP Biomedicals (Aurora, OH).

Mice. The generation of mice with gene disruptions in Noxa and Puma
has been described previously (Villunger et al., 2003). These mice were
generated on an inbred C57BL/6 background using C57BL/6-derived
embryonic stem cells. p53 /™ mice were purchased from Taconic Farms
(Germantown, NY). The p53 mutant mice were originally generated on a
mixed C57BL/6 X 129SV background using 129SV-derived embryonic
stem cells but had been backcrossed onto the C57BL/6 background for
five generations before use in our studies. Endogenous and disrupted
genes were detected by PCR analysis of DNA extracts from limb or tail
samples as described previously (D’Sa-Eipper et al., 2001; Villunger et al.,
2003). The morning on which a vaginal plug was seen was designated as
embryonic day 0.5 (E0.5). Mice were cared for in accordance with the
guidelines of the National Institues of Health Guide for the Care and Use of
Laboratory

Animals. All animal protocols were approved by the Institutional An-
imal Care and Use Committee of the University of Alabama at
Birmingham.

FGF2-expanded NPC cultures. FGF2 has been shown previously to
maintain NPCs in an undifferentiated state while serving as a mitotic
stimulus for their proliferation (Vescovi and Snyder, 1999). As described
previously (D’Sa-Eipper et al., 2001), telencephalic NPC cultures were
prepared from embryos harvested between gestational days 12 and 13.
Briefly, telencephalic vesicles were isolated, and cells were dissociated for
20 min at 37°C in HBSS (Invitrogen, Carlsbad, CA) containing 0.05%
trypsin with 0.02% EDTA, 0.001% DNase I, and 0.2% bovine serum
albumin (BSA) (all from Sigma). Trypsinization was stopped by adding
an equal volume of 10% fetal calf serum (FCS) in either HBSS or DMEM
(Invitrogen). Tissue digests were dissociated using several rounds of trit-
uration using a fire-polished Pasteur pipette. Cells were washed once
with HBSS containing 0.2% BSA and then resuspended in DMEM con-
taining 20 ng/ml FGF2 (Research Diagnostics, Flanders, NJ), 8 ug/ml
heparin, 5 ug/ml insulin, 100 ug/ml apotransferrin, 30 nm sodium selen-
ite, 20 nM progesterone, 100 uMm putrescine, 6 g/liter glucose, 2 mm glu-
tamine, 94.38 uM 2-mercaptoethanol, 100 U/ml penicillin, and 100
pg/ml streptomycin (all from Sigma), pH 7.4. Cells were incubated at
37°C in humidified 5% CO,/95% air atmosphere. Fresh medium was
added to cultures every 4 d. Neurospheres were then removed and placed
in HBSS containing 0.05% trypsin with 0.02% EDTA and 0.2% BSA at
37°C for 2 min. Trypsinization was stopped by adding 2 vol of DMEM
containing 10% FCS. Cells were washed with HBSS containing 0.2% BSA
and then plated onto poly-L-lysine (Sigma)/laminin (BD Biosciences,
Bedford, MA) coated tissue culture plates (Corning, Corning, NY). NPCs
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Figure 1.  Genotoxic stimuli induce Noxa and Puma mRNA expression in NPCs through a

p53-dependent mechanism. a, Anincrease in Noxa mRNA expression was detected within 2 h of
exposure to 3 M ETO. Similarly, an increase in Puma mRNA expression was detected within 2 h
of exposure to 3 um ETO. b, DEVD-AMC cleavage did not significantly increase until 5 6 h after
exposure to 3 uM ETO. ¢, Cell viability decreased significantly only after 12-36 h exposure to 0.3
METO. d, After 6 h of exposure to 3 m AraC, Noxa and Puma expression increased in wild-type
and p53-heterozygous NPCs but not in p53-deficient NPCs. Experiments in @ and d were per-
formed in the presence of 150 m BAF, a broad-spectrum caspase inhibitor, to inhibit apoptosis
and thereby maximize recovery of mRNA. Levels of mRNA expression are shown relative to
untreated controls (UT) and are indicated in parentheses below each column. Transcripts for
either Noxa or Puma are normalized to 78S expression within each sample. No Noxa or Puma
transcripts were detectable by real time RT-PCR in Noxa-deficient or Puma-deficient NPCs,
respectively (datanot shown). Data pointsin b and crepresent mean = SEM, withn = 8.%p <
0.001 by one-way ANOVA/Bonferroni’s post hoc test versus untreated controls.

formed adherent monolayer cultures and were allowed to continue to
grow for 2—4 d. Cells suspensions were prepared by trypsinization as
described above and plated onto poly-1-lysine/laminin-coated 48-well
tissue culture plates (Corning). A small aliquot of cells was stained with
trypan blue and counted, and 30,000 cells were plated per well. Cultures
were then incubated for another 2—4 d before being used in experiments.

Cell viability and in vitro caspase cleavage assays. As described previ-
ously (D’Sa et al., 2003), cells used for viability assays were washed once
with Locke’s buffer (in mm: 154 NaCl, 5.6 KCl, 3.6 NaHCO;, 2.3 CaCl,,
1.2 MgCl,, 5.6 glucose, and 5 HEPES, pH 7.4). Cells were incubated at
37°C for 30 min in Locke’s buffer containing 5 um calcein-AM (Invitro-
gen). Calcein-AM conversion was read using a fluorescence plate reader
(excitation, 488 nm; emission, 530 nm). Caspase activation was detected
using an in vitro cleavage assays using 7-amino-4-methylcoumarin
(AMC)-labeled caspase substrates (Bounhar et al., 2002). Cells used for
in vitro caspase cleavage assays were lysed in 100 ul of buffer A [10 mm
HEPES, pH 7.4, 42 mm KCl, 5 mm MgCl,, 1 mm DTT, 0.5% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate  (CHAPS),
10% sucrose, 1 mm PMSF, and 1 ug/mlleupeptin]. Then, 150 ul of buffer
B (25 mm HEPES, pH 7.4, 1 mm EDTA, 0.1% CHAPS, 10% sucrose, and
3 mm DTT) containing 10 um DEVD (acetyl-aspartyl-glutamyl-valyl)-
AMC (Biomol, Plymouth Meeting, PA) were added to cells, and the plate
was incubated at 37°C for 30 min. Generation of the fluorescent AMC
caspase-3 cleavage product was measured using a fluorescence plate
reader (excitation, 360 nm; emission, 460 nm). Both calcein-AM conver-
sion and DEVD-AMC cleavage were expressed relative to untreated
controls.

Quantitative real-time reverse transcription-PCR. After treatment,
NPC suspensions were prepared by trypsinization as described above.
Suspensions were centrifuged, and total RNA from the pellets was iso-
lated using Trizol reagent (Invitrogen) according to the instructions of
the manufacturer. One microgram of total RNA was incubated with 200
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Figure2. STSinduces Noxa and Puma expression in NPCs independently of p53. a, Exposure
t0 0.5 wm STS did not significantly increase Noxa or Puma mRNA expression at 2 h. By 4 h,
exposure to 0.5 um STS produced alterations in 78S expression, and Noxa and Puma mRNA
induction was un-interpretable (un.). b, In the presence of 150 pum BAF, modest Noxa and Puma
mRNA expression was seen by 4 — 6 h of exposure to 0.5 um STS. ¢, DEVD-AMC cleavage signif-
icantly increased within 2—3 h after exposure to 0.5 um STS. d, After treatment with 0.5 pum STS
for 6 h, Noxa and Puma mRNA expression was induced in wild-type, p53-heterozygous, and
p53-deficient NPCs. Experiments in b—d were done in the presence of 150 wm BAF. UT, Un-
treated controls.

ng of random hexamers, 0.5 mm dNTPs, and RNase-free water at 65°C
for 10 min (all from Invitrogen). Then, 5X first-strand buffer, 5 mm
DTT, 40 U of RNaseOUT, and 200 U of SuperScript III reverse transcrip-
tase were added, and the reaction mixture was incubated at room tem-
perature for 5 min, at 50°C for 60 min, at 70°C for 15 min, and at 4°C for
10 min (all reagents from Invitrogen). Absence of genomic DNA con-
tamination was confirmed by performing PCR for actin or cyclophilin in
parallel reactions performed identically except for the addition of reverse
transcriptase (data not shown). Quantitative reverse transcription (RT)-
PCR was performed using TagMan Gene Expression Assays and the
Applied Biosystems (Foster City, CA) 7500 Real-Time PCR System ac-
cording to the instructions of the manufacturer. Expression of Noxa was
normalized to 18S, and data are expressed relative to untreated NPCs.
In vivo AraC treatment. Pregnant mice at gestational day 12.5 were
intraperitoneally injected with 25 mg/kg AraC dissolved in 0.9% saline.
Embryos were isolated 6 h later and placed in 4°C Bouin’s fixative over-
night, followed by paraftin embedding. Control embryos were similarly
isolated, fixed, and embedded from untreated pregnant mice at gesta-
tional day 12.5. Seven micrometers sections were prepared and stained
with hematoxylin and eosin. Stained sections were imaged using a Zeiss
(Oberkochen, Germany) Axioskop equipped with an Axiocam MRc
camera. Apoptotic nuclei were counted in four images per animal, and
ventricular zone area was calculated using Axiovision software.
Immunohistochemistry. Paraffin-embedded tissue sections were
deparaffinized, and endogenous peroxidase activity was blocked with 3%
hydrogen peroxide in PBS. Sections were then incubated in PBS-
blocking buffer (PBS-BB) (PBS with 0.1% BSA, 0.3% Triton X-100, and
0.2% nonfat powdered dry milk) for 30 min at room temperature. Pri-
mary antibody was diluted in PBS-BB and applied to sections overnight
at 4°C. Primary antibodies and dilutions used were anti-p53 (1:1000;
Ncl-p53-Cm5P rabbit polyclonal antiserum; Novocastra Laboratories,
Newcastle upon Tyne, UK) and anti-activated caspase-3 (1:1000; catalog
#9661 rabbit polyclonal antiserum; Cell Signaling Technology, Beverly
MA). After washes with PBS, sections were incubated with a donkey
anti-rabbit horseradish peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch, West Grove, PA), diluted in PBS-BB
(1:1500) for 1 h at room temperature. After washes with PBS, immuno-
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staining was detected using a tyramide signal amplification system
(PerkinElmer, Boston, MA) according to the instructions of the manu-
facturer. Sections were counterstained with bisbenzimide (2 ug/ml;
Hoechst 33,258; Sigma) and examined and imaged with a Zeiss AxioSkop
microscope equipped with epifluorescence and an Axiocam MRc cam-
era. Bisbenzimide-labeled nuclei that were condensed, round, and lack-
ing visible nucleoli were counted in four images per animal. Ventricular
zone area was calculated as above.

Statistical analysis. All data points represent mean = SEM. n = 8 for all
experiments unless stated otherwise. Statistical significance was estab-
lished by one-way or two-way ANOVA, followed by Bonferroni’s test for
all pairwise comparisons.

Results

Genotoxic stimuli induce transcriptional upregulation of
Noxa and Puma in NPCs

To initially examine the roles that Noxa and Puma play in the
regulation of NPC death, we isolated telencephalic NPCs from
E12-E13 wild-type mice. After in vitro expansion with FGF2, we
exposed NPCs to different apoptotic stimuli, including the
following: AraC, a nucleoside analog; BLM, an inducer of single-
and double-stranded DNA breaks; CPT, an inhibitor of
DNA-topoisomerase complexes; and ETO, an inhibitor of DNA
topoisomerase, which induces single- and double-stranded DNA
breaks (Burger, 1998; Grant, 1998; Hande, 1998; Liu et al., 2000).
The effects of these agents on Noxa and Puma mRNA expression
were then examined by real-time quantitative RT-PCR. We
found that exposure to AraC (1 um) for 24 h induced an approx-
imately threefold increase in Puma mRNA expression. Further-
more, exposure to BLM (3 uMm), CPT (1 um), or ETO (1 um) for
24 h induced a fivefold increase in Puma mRNA expression. We
demonstrated previously that these stimuli also induce Noxa
mRNA expression in NPCs (Akhtar et al., 2006). Thus, both Noxa
and Puma are viable candidates for mediating p53 transcription-
dependent apoptosis of telencephalic NPCs.

BH3-only proteins are thought to transduce apoptotic signals
in response to diverse death stimuli and to ultimately modulate
the activity of multidomain Bcl-2 family members (Huang and
Strasser, 2000; Cory et al., 2003). Accordingly, activation of BH3-
only proteins often occurs early in apoptosis. We therefore hy-
pothesized that transcriptional activation of Noxa and Puma
must occur before the onset of significant caspase activation and
apoptotic death. We observed that Noxa mRNA expression in-
creased by approximately fivefold and Puma by threefold within
2 h of exposure to ETO (Fig. 1a). Expression of both Noxa and
Puma mRNA was increased by 5- to 10-fold at 4—6 h (Fig. 1a).
Caspase-3 is the primary effector caspase in NPCs, and we as-
sessed its activation by measuring the enzymatic cleavage of
DEVD-AMC, a substrate for all executioner caspases (caspase-3,
caspase-6, and caspase-7) (Bounhar et al., 2002). We found that
significant DEVD-AMC cleavage did not occur until ~6 h after
ETO exposure (Fig. 1b). To measure cell viability, we used a
calcein conversion assay and found that significant cell death
occurred only after 12 h of exposure to ETO (0.3 um) (Fig. 1¢),
well after the onset of Noxa and Puma mRNA induction (Fig. 1a).
Together, these results indicate that genotoxic injury induces in-
creased expression of both Noxa and Puma mRNA in NPCs and
that this increased expression precedes caspase-3 activation and
cell death.

p53 regulation of Noxa and Puma expression in NPCs is
stimulus specific

We hypothesized that if Noxa or Puma mRNA expression was
required for DNA damage-mediated NPC death, p53-deficient
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real time RT-PCR because of significant
alterations in 18S mRNA, which was used
as an endogenous control (Fig. 2a). Be-
cause STS induces rapid apoptosis in
NPCs within 6 h of exposure (see below),
we hypothesized that inhibiting caspase
activation would prevent rapid apoptotic
death and maximize the detection of Noxa
and Puma mRNA. Thus, we repeated these
studies using NPCs treated with BAF, a
broad-spectrum caspase inhibitor. In the
presence of 150 uM BAF, Noxa mRNA expression increased by
twofold to threefold and Puma by approximately fivefold after
4-6 h of STS exposure (Fig. 2b). STS led to significant DEVD-
AMC cleavage by 2-3 h after exposure (Fig. 2¢). Together, these
results indicate that STS does not induce as rapid or robust an
increase in Noxa or Puma mRNA expression as does genotoxic
injury. Furthermore, expression of Noxa and Puma mRNA in
STS-treated NPCs does not precede caspase-3 activation.
Although expression of Noxa and Puma is thought to be pri-
marily regulated by p53, several reports have suggested that tran-
scription of these genes may also be regulated by a p53-
independent process (Reimertz et al., 2003; Hershko and
Ginsberg, 2004; Wong et al., 2005). We hypothesized that Noxa
or Puma expression in STS-treated NPCs (Fig. 2b) may be p53
independent. After 6 h of STS treatment, induction of Noxa
mRNA levels were increased by approximately threefold in wild-
type NPCs and by approximately fourfold in p53-heterozygous
NPCs (0.5 um) (Fig. 2d). In p53-deficient NPCs, Noxa mRNA
expression was increased by approximately 14-fold (Fig. 2d). This
result indicated that p53 is not essential for STS-induced Noxa
mRNA induction. Similarly, STS treatment caused an approxi-
mately ninefold induction of Puma mRNA expression in wild-
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type NPCs and more than 25-fold induction of Puma mRNA in
p53-heterozygous and p53-deficient NPCs (Fig. 2d). Together,
these findings demonstrate that STS induces p53-independent
transcription of Noxa and Puma, whereas transcription of Noxa
and Puma after DNA damage is solely mediated by p53. Further-
more, these results suggest that, in the absence of p53,
staurosporine-induced Noxa and Puma expression may increase
and/or become more readily detectable.

Both Noxa and Puma are essential for DNA damage-induced
NPC death in vitro

Our results indicate that either Noxa or Puma or both may func-
tion as the essential link between activation of p53 and the sub-
sequent engagement of the intrinsic apoptotic signaling pathway.
To directly test this hypothesis, we prepared FGF2-expanded tel-
encephalic NPCs from wild-type, Noxa-deficient, or Puma-
deficient embryos and assessed their response to DNA damage.
After exposure to 0.03-3.0 uMm AraC, we found that AraC-
induced death was significantly reduced in Noxa-deficient NPCs
(Fig. 3a). Death in response to 0.1-1.0 uM ETO exposure was also
reduced in Noxa-deficient NPCs (Fig. 3e). Consistent with these
observations, we found that DEVD-AMC cleavage was markedly
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reduced in Noxa-deficient NPCs exposed to AraC compared with
wild-type or Noxa-heterozygous (Noxa*’~) NPCs (Fig. 3b).
DEVD-AMC cleavage induced by 0.1-1.0 um ETO was also re-
duced in Noxa-deficient NPCs (Fig. 3f). These findings indicate
that Noxa regulates DNA damage-induced caspase-3 activation
and cell death in FGF2-expanded NPCs in vitro. To examine the
requirement for Puma in DNA damage-induced killing of NPCs,
we exposed wild-type, Puma-heterozygous, and Puma-deficient
NPCs to 0.03-3.0 uM AraC. These experiments showed that
AraC-induced death was significantly reduced in Puma-deficient
NPCs compared with wild-type NPCs (Fig. 3¢). Furthermore, a
significant protective effect of Puma heterozygosity (Puma™*'~
cells) was seen after DNA damage (Fig. 3¢), which was not seen in
Noxa-heterozygous NPCs (Fig. 3a). Death in response to 0.1-10
uM BLM exposure was also reduced in Puma-deficient NPCs
(Fig. 3g). We also found that caspase-3 activation was markedly
reduced in Puma-deficient NPCs exposed to 0.03-3.0 uM AraC
compared with similarly treated wild-type NPCs (Fig. 3d). Col-
lectively, these findings demonstrate that, over the timeframe
investigated, Noxa and Puma appear to participate in and are
necessary for independent death signaling pathways after DNA
damage in NPCs.

STS-induced NPC death is independent of Noxa and Puma
We demonstrated previously that STS-induced death is regulated
by p53 but does not require new macromolecular synthesis or
induction of p53-dependent gene transcription (Akhtar et al.,
2006). Therefore, we hypothesized that Noxa and Puma may be
dispensable for STS-induced NPC death. We tested this idea by
preparing FGF2-expanded NPCs from wild-type, Noxa-
deficient, or Puma-deficient NPCs and exposed them to STS. STS
induced an equivalent, concentration-dependent cell death in
wild-type, Noxa-heterozygous, and Noxa-deficient NPCs after
6 h of exposure (Fig. 4a), indicating that STS-induced NPC death
is indeed independent of Noxa. We performed similar experi-
ments to test the requirement for Puma in STS-induced NPC
death. After 0.01-1.0 M STS exposure for 6 h, loss of Puma did
not provide a protective effect during STS-induced NPC death
compared with wild-type or Puma-heterozygous cells (Fig. 4b).
Thus, Noxa and Puma regulate NPC death in a stimulus-specific
manner.

Puma but not Noxa is essential for DNA damage-induced
telencephalic NPC death in vivo

Our experiments with in vitro FGF2-expanded NPCs indicate
that both Noxa and Puma mediate NPC apoptosis after DNA
damage. To investigate the relevance of these findings to geno-
toxic injury-induced telencephalic NPC apoptosis in vivo, Noxa-
or Puma-heterozygous adult mice were interbred, and, on ap-
proximately gestational day 12—13, dams were intraperitoneally
injected with 25 mg/kg AraC. Embryos were isolated 6 h later, and
cells with apoptotic nuclei were counted in telencephalic ventric-
ular zones from multiple animals of each genotype. To assess
baseline cell death in the normal neocortex, control embryos
were similarly isolated from untreated Noxa- or Puma-
heterozygous dams. Ventricular zone from untreated wild-type,
Puma-heterozygous, or Puma-deficient mice had extremely low
numbers of apoptotic cells (Fig. 5a—c). Similarly, untreated wild-
type, Noxa-heterozygous, and Noxa-deficient mice had scant ap-
optotic cells (Fig. 5¢—i), indicating that levels of normal baseline
apoptosis in the ventricular zone is low and not altered by Noxa
or Puma deficiency. In contrast, AraC-treated embryos that were
wild type or heterozygous for Noxa or Puma contained numer-
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Figure4. Noxaand Pumaare not essential for STS-induced NPC death. a, Exposure to STS for

6 hinduced significant cell death in wild-type NPCs, and this death was not affected by loss of
Noxa. b, Similarly, loss of Puma did not significantly affect death after 6 h of exposure to STS. Cell
viability was normalized to untreated controls (UT).

ous apoptotic cells throughout the ventricular zone (Fig. 5d,e-
Jk,m,n). In contrast, AraC-induced NPC apoptosis was signifi-
cantly reduced in Puma-deficient embryos (Fig. 5f,m), indicating
that Puma is essential for DNA damage-induced NPC apoptosis
in vivo. Surprisingly, AraC-exposed Noxa-deficient embryos dis-
played many apoptotic cells (Fig. 5L,7), similar in number to that
seen in wild-type or heterozygous (Noxa*'~) embryos. Thus,
although Noxa deficiency significantly reduced DNA damage-
induced NPC death in vitro (Fig. 3a), Noxa was not critical for
telencephalic NPC death in vivo (Fig. 5f,h).

Because Puma deficiency significantly protected NPCs from
DNA damage-induced apoptosis in vivo and in vitro, we hypoth-
esized that Puma may be situated between p53 stabilization and
caspase-3 activation in an obligate signaling pathway. To test this
hypothesis, we assessed immunoreactivity of p53 and activated
caspase-3 in the ventricular zone of untreated or AraC-treated
embryos. As expected, untreated embryos showed only weak p53
immunoreactivity in the telencephalic ventricular zone of wild-
type, Puma-deficient, or Noxa-deficient embryos (Fig. 6a—d).
Furthermore, only rare activated caspase-3-immunoreactive cells
were seen in untreated embryos (Fig. 6i—1). In AraC-treated wild-
type embryos, activated caspase-3 immunoreactivity was mark-
edly increased in the ventricular zone (Fig. 6m,0). Compared with
AraC-treated wild-type embryos, immunoreactivity for activated
caspase-3 was substantially reduced in AraC-treated Puma-
deficient embryos (Fig. 6n) and was associated with a dramatic
increase in p53 immunoreactivity (Fig. 6f). In contrast, increased
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p53 immunoreactivity after AraC treat-
ment is not seen in Noxa-deficient em-
bryos (Fig. 6h), and activation of capase-3
is prominent in both wild-type and Noxa-
deficient telencephalon (Fig. 6p). Thus,
the dramatic alterations in p53 and acti-
vated caspase-3 immunoreactivity seen in
AraC-treated Puma-deficient embryos
were not seen in Noxa-deficient embryos.
Together, these findings show that Puma is
situated between p53 stabilization and
caspase-3 activation in a linear signaling
pathway after DNA damage.

Discussion

BH3-only proteins are thought to act as
integrators of various stress signals and
initiators of apoptosis (Huang and
Strasser, 2000; Cory et al., 2003; Akhtar et
al., 2004). In this report, we investigated
whether the proapoptotic BH3-only pro-
teins Noxa and/or Puma are critical for
DNA damage-induced apoptosis of NPCs.
We hypothesized that Noxa and Puma, as
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p53-target genes, may be transcriptionally  Figure 5.  Puma is required for DNA damage-induced telencephalic NPC death in vivo. a—c, Untreated wild-type, Puma-
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FGFZ-eXpanded telencephalic NPCs, we  Wild-type or Puma /= E13 embryos exposed to 25 mg/kg AraC for 6 h in utero exhibited widespread apoptotic cellular features

showed that both Noxa and Puma mRNA
levels are induced in response to genotoxic
injury in a p53-dependent manner. Fur-
thermore, by testing NPCs with disrup-
tions in either Noxa or Puma, we showed
that both BH3-only proteins are involved
in the apoptotic response of NPCs to geno-
toxic injury. We confirmed that Puma reg-
ulates telencephalic NPC death in vivo by testing embryos con-
taining two mutant alleles of Puma. However, we found that
Noxa deficiency did not protect telencephalic ventricular zone
NPCs from genotoxic injury-induced apoptosis in vivo. Consis-
tent with our histopathological analysis, AraC-treated Puma-
deficient embryos exhibited markedly decreased caspase-3
activation compared with AraC-treated wild-type and Puma-
heterozygous littermates. In Puma-deficient embryos, AraC
treatment also led to a dramatic increase in detectable p53 immu-
noreactivity. This finding indicates that interruption of DNA
damage-induced apoptotic signaling through Puma results in tel-
encephalic NPCs that have accumulated p53 but cannot activate
caspase-3. Collectively, our studies indicate that Puma links p53
and activation of the intrinsic apoptotic pathway in NPCs in vivo
and identify both Noxa and Puma as potentially key p53-
dependent activators of the intrinsic apoptotic pathway in NPCs.
Our findings are consistent with a previous report demonstrating
that loss of Puma dramatically decreased apoptotic death after
vy-irradiation in the external granule cell layer of the cerebellum,
the dentate gyrus of the hippocampus, and the telencephalic sub-
ventricular zone in postnatal mice (Jeffers et al., 2003).

In this paper, we show that deficiency of either Noxa or Puma
protects FGF2-expanded NPCs from genotoxic injury-induced
caspase-3 activation and cell death. However, in vivo, only Puma
deficiency attenuated AraC-induced embryonic telencephalic
NPC death. Interestingly, a small subpopulation of telencephalic
NPCs still underwent apoptosis in Puma-deficient embryonic
brains (Fig. 5f). This small subpopulation of ventricular zone

in the ventricular zone. f, In contrast, littermate embryos that are deficient for Puma displayed reduced numbers of apoptotic
NPCs. Apoptotic NPCs are indicated with arrows. g—i, Untreated wild-type, Noxa-heterozygous (Noxa */~), or Noxa-deficient
(Noxa ~'~) E12 embryos have few apoptotic ventricular zone cells. j, k, Wild-type or Noxa
exhibited widespread apoptotic features in the ventricular zone. /, In contrast to Puma deficiency, Noxa deficiency did not
significantly rescue NPCs from genotoxin-induced apoptosis. m, n, Apoptotic cells in both hematoxylin and eosin-stained (H&E)
and bishenzimide-stained (BIS) sections were quantitated in four randomly selected fields taken from multiple (n = 2) animals
per genotype and expressed relative to ventricular zone area. Scale bars, 50 m. UT, Untreated controls; TX, treated animals.

*+/~ E12 embryos treated as above

NPCs may primarily depends on Noxa expression for genotoxin-
induced death, although given their rarity, the survival of these
cells in Noxa-deficient brain cannot be easily discerned (Fig. 51).
Because stimulation with different growth factors has been dem-
onstrated to expand different subpopulations of telencephalic
NPCs (Maric et al., 2003; Maric and Barker, 2004), we hypothe-
size that FGF2 produces selective expansion of a subpopulation
of NPCs that has different requirements for apoptosis than the
majority of ventricular zone NPCs in vivo. Alternatively, in vitro
culture conditions may alter expression of proapoptotic or anti-
apoptotic factors that cooperate with Noxa to regulate DNA
damage-induced apoptosis. A comprehensive analysis of pro-
apoptotic and antiapoptotic genes induced in NPCs in vitro ver-
sus in vivo may provide insight into these processes.

Our results demonstrate that Noxa and Puma are not inter-
changeable proapoptotic mediators during DNA damage-
induced NPC death. Rather, deficiency of either Noxa or Puma in
NPCs provides protection against this stimulus in vitro. We spec-
ulate that this “dual requirement” indicates that Noxa and Puma
have nonequivalent proapoptotic functions. A recent study dem-
onstrated that Puma can potently bind and inhibit all antiapop-
totic Bcl-2 family members, whereas Noxa acts only on Mcl-1
(myeloid cell leukemia 1) and Bcl2A1 (Bcl2-related protein Al)
but not on Bcl-2 or Bcl-X; (Chen et al., 2005). This finding may
explain the fact that Puma deficiency provides greater protection
than Noxa deficiency does against DNA damage-induced NPC
death in vivo. It remains to be determined whether dual defi-
ciency of Noxa and Puma, like dual deficiency of Bax and Bak,
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provides NPCs with the greatest level of protection against DNA
damage.

Several in vitro studies have found that the role of Noxa and
Puma in cell death signaling is remarkably cell-type and stimulus
specific. Deficiency of either Puma or, to a lesser extent, Noxa, has
been reported previously to provide protection against ETO-
induced apoptosis of mouse embryonic fibroblasts (Villunger et
al., 2003). In other cell types, however, only one of these proteins
appears critical for apoptosis. For example, adenovirus-mediated
overexpression of Puma, but not Noxa, induced apoptosis in
primary cortical neurons (Cregan et al., 2004). In these cells,
exposure to the environmental toxin arsenite induced both p53-
dependent and -independent expression of Noxa and Puma, but
only loss of Puma inhibited apoptosis (Wong et al., 2005). Al-
though loss of Puma did not significantly reduce STS-induced
death in NPCs, loss of Puma did provide protection against STS-
induced death of thymocytes (Villunger et al., 2003). Puma also
appeared to be the dominant mediator of DNA damage-induced
apoptosis in lymphoid cells (Villunger et al., 2003; Erlacher et al.,
2005). Conversely, motor neurons predominantly induced Noxa
but not Puma after axotomy, and deficiency of Noxa was shown
to reduce the extent of axotomized motor neuron death (Kiryu-
Seo et al., 2005). Thus, the contribution of Noxa and Puma re-
quires empirical determination for each apoptotic stimulus and
for each cell type.

Noxa and Puma have also been implicated in p53-indepen-

Noxa

.

Loss of Puma affects p53 immunoreactivity and caspase-3 activation in telencephalic NPCs after genotoxic injury.
a-d, Untreated (UT) wild-type, Puma-deficient (Puma ~/~), or Noxa-deficient (Noxa —/~) embryos had low levels of p53
immunoreactivity. i, Untreated embryos also exhibited low immunoreactivity for activated caspase-3. e, g, m, o, Wild-type E13
embryos exposed to 25 mg/kg AraC for 6 h in utero (TX) exhibited detectable p53 immunoreactivity (e, g) and widespread
immunoreactivity for activated caspase-3 (m, o) in the ventricular zone. In comparison, AraC-treated Puma-deficient littermate
embryos displayed increased p53 immunoreactivity (f) and reduced caspase-3 activation (n). In contrast, AraC-treated Noxa-
deficient embryos did not exhibit increased p53 immunoreactivity (h) and had significant activation of caspase-3 (p). All genotype

J. Neurosci., July 5, 2006 - 26(27):7257-7264 « 7263

dent apoptotic pathways. Several other
transcription regulators, such as hypoxia
inducible factor-la (HIFl«), E2F tran-
scription factor 1 (E2F1), and p73, have
been shown to induce the expression of
Noxa and Puma independently of p53 in
the CNS (Hershko and Ginsberg, 2004;
Kim et al.,, 2004; Melino et al., 2004;
Flinterman et al., 2005). We detected a
dramatic increase in the expression of
Noxa and Puma in p53-deficient NPCs ex-
posed to STS. We found previously that
STS induced rapid apoptosis in NPCs that
did not require p53-mediated transcrip-
tion (Akhtar et al., 2006). We also found
that STS-induced NPC death could be in-
hibited by loss of p53 (Akhtar et al., 2006).
Together, these results suggest that STS in-
duces two phases of apoptotic death in
NPCs. The rapid first phase is p53 depen-
dent and transcription independent. The
delayed second phase is p53 independent,
transcription dependent, and may involve
induction of Noxa or Puma by a transcrip-
tion factor other than p53, such as HIF1«,
E2F1, or p73. This model is supported by a
recent study that showed that, in response
to <y-irradiation, p53 rapidly translocates
to the mitochondria and promotes apo-
ptosis by priming the cell for a second
“wave” of transcription-dependent death
(Erster et al., 2004). If a similar model is
present in NPCs, a prosurvival effect of
Noxa or Puma deficiency after STS would
only be revealed in NPCs that have lost
p53. To our knowledge, p53/Puma or p53/
Noxa double-deficient NPCs have not yet
been generated. Generation of such cells will be essential to de-
termine the role of Noxa and Puma in mediating the p53-
independent component of STS-induced NPC death.

Our findings identify Noxa and Puma as regulators of apopto-
tic cell death of NPCs after genotoxic injury. We find that expres-
sion of both Noxa and Puma increases rapidly after treatment
with a range of DNA-damaging agents. This increase is depen-
dent on the tumor suppressor p53. Moreover, we show that loss
of Puma protects telencephalic ventricular zone NPCs from DNA
damage-induced death in vivo. Deficiency of either Puma or
Noxa also protected NPCs exposed to genotoxic stress in vitro
and reduced both caspase activation and cell death after this stim-
ulus. Together, our results further our understanding of BH3-
only protein-mediated regulation of telencephalic NPC death.

Ji
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