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An increasing body of evidence points to a key role of endoplasmic reticulum (ER) stress in acute and chronic neurodegenerative
conditions. Extensive ER stress can trigger neuronal apoptosis, but the signaling pathways that regulate this cell death remain unclear. In
the present study, we demonstrate that PUMA, a Bcl-2 homology 3 (BH3)-only member of the Bcl-2 family, is transcriptionally activated
in cortical neurons by ER stress and is essential for ER-stress-induced cell death. PUMA is known to be a key transcriptional target of p53,
but we have found that ER stress triggers PUMA induction and cell death through a p53-independent mechanism mediated by the
ER-stress-inducible transcription factor ATF4 (activating transcription factor 4). Specifically, we demonstrate that ectopic expression of
ATF4 sensitizes mouse cortical neurons to ER-stress-induced apoptosis and that ATF4-deficient neurons exhibit markedly reduced levels
of PUMA expression and cell death. However, chromatin immunoprecipitation experiments suggest that ATF4 does not directly regulate
the PUMA promoter. Rather, we found that ATF4 induces expression of the transcription factor CHOP (C/EBP homologous protein) and
that CHOP in turn activates PUMA induction. Specifically, we demonstrate that CHOP binds to the PUMA promoter during ER stress and
that CHOP knockdown attenuates PUMA induction and neuronal apoptosis. In summary, we have identified a key signaling pathway in
ER-stress-induced neuronal death involving ATF4 –CHOP-mediated transactivation of the proapoptotic Bcl-2 family member PUMA. We
propose that this pathway may be an important therapeutic target relevant to a number of neurodegenerative conditions.

Introduction
DNA damage and endoplasmic reticulum (ER) stress are believed
to be central initiators of neuronal death in acute and chronic
neurodegenerative conditions. Indeed, DNA strand breaks and
markers of ER stress are common features of neurons destined to
die in models of cerebral ischemia and neurodegenerative disease
(Chen et al., 1997; DeGracia and Montie, 2004; Paschen and
Mengesdorf, 2005; Martin, 2008). Although the signaling path-
ways mediating DNA damage and ER-stress-induced neuronal
death are starting to be appreciated, the complexities of these
signaling networks have yet to be fully defined.

One of the central players critical for the DNA damage re-
sponse in neurons is the tumor suppressor protein p53 because it

regulates several pathways involved in DNA repair and cell death
(Vousden and Prives, 2009). Importantly, we and others have
shown that p53 is essential for neuronal death induced by DNA
damage (Xiang et al., 1996; D’Sa-Eipper et al., 2001; Morris et al.,
2001). PUMA, a Bcl-2 homology 3 (BH3)-only family member,
has been implicated as a proapoptotic p53-target gene (Han et
al., 2001; Nakano and Vousden, 2001; Yu et al., 2001). We have
demonstrated previously that PUMA is a critical downstream
effecter of p53 in DNA-damage-induced apoptosis in neurons
(Cregan et al., 2004). Although the p53–PUMA pathway is clearly
critical for DNA-damage-induced neuronal death, its relevance
to ER-stress-induced apoptosis is unclear.

ER stress is known to activate a series of signals that comprise
the unfolded protein response (UPR). The UPR includes at least
three signaling pathways initiated by the kinases IRE1 and PERK
and the transcription factor ATF6 (activating transcription factor
6) (Ron and Walter, 2007). These signals coordinate the cellular
response to unfolded proteins, which includes (1) downregula-
tion of protein translation, (2) enhanced expression of ER chap-
erone proteins that promote protein refolding, and (3) activation
of proteases involved in the degradation of misfolded proteins.
Conversely, prolonged or severe ER stress can lead to the activa-
tion of apoptotic cell death. However, the mechanisms regulating
ER-stress-induced cell death have not been clearly defined.

Of relevance to the present study, the transcription factors
ATF4 and CHOP (C/EBP homologous protein) have been impli-
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cated in the ER stress response. ATF4 is a member of the basic
leucine zipper family of transcription factors (Hai and Hartman,
2001). During ER stress, ATF4 is believed to be induced in a
translationally dependent manner by the PERK– eIF2� pathway
(Harding et al., 2000a; Scheuner et al., 2001). ATF4, in turn, can

regulate the expression of a number of factors, including the
transcription factor CHOP (Fawcett et al., 1999; Harding et al.,
2003). Although it has been established that ATF4 and CHOP are
induced by ER stress, the functional relevance of this induction
and the mechanism by which this pathway regulate cell death is
less clear.

In the present study, we define a critical signaling pathway
involved in the regulation of ER-stress-induced apoptosis.
Specifically, we demonstrate that Puma induction is critical
for ER-stress-mediated neuronal death and establish that
Puma expression is regulated by an ATF4 –CHOP signaling
axis.

Materials and Methods
Animals. p53 mice and Bax mice were obtained from The Jackson Labo-
ratory, mice harboring null mutations of Puma and Bim genes were
generated in the laboratory of Dr. Andreas Strasser (Walter and Eliza Hall
Institute of Medical Research, Bundoora, Victoria, Australia), and mice
carrying an ATF4 null mutation were obtained from Drs. Tim Townes
and Joe Sun (University of Alabama at Birmingham, Birmingham, AL).
All transgenic strains were maintained on a C57BL/6 background and
genotyped as described previously (Bouillet et al., 1999; Cregan et al.,
1999; Fortin et al., 2001; Masuoka and Townes, 2002; Villunger et al.,
2003). Wild-type and knock-out littermates (experimental mice) were
generated by breeding heterozygous mice.

Primary cortical neuron cultures. Cortical
neurons were dissociated from embryonic days
14.5–15.5 male and female mouse embryos and
cultured in Neurobasal media containing N2
and B27 supplements (Invitrogen) as described
previously (Cregan et al., 2002). Drug treat-
ments were initiated 2–3 d after plating. Stock
solutions of tunicamycin, thapsigargin, camp-
tothecin, and etoposide were prepared in
DMSO (all from Sigma-Aldrich) and diluted in
culture media immediately before adding to
cultures.

Calcium phosphate transfection. The pCMV–
ATF4 plasmid was a kind gift from Dr. Amy S.
Lee (University of Southern California, Los
Angeles, CA). A CHOP cDNA cloned into
pCMV–Sport6 was purchased from Invitrogen
and subcloned into pcDNA3. Cortical neurons
were transiently transfected using calcium
phosphate method as described previously
(Aleyasin et al., 2004). Cortical neurons were
plated in 24-well plates (4 � 10 5 cells per well)
and after 2–3 d were cotransfected with 0.25 �g
of pGFP (as a reporter) and 0.75 �g of either
pCMV–ATF4, pCMV–CHOP, or pcDNA3 as
an empty vector control.

Recombinant adenoviral infection. Human
ATF4 cDNA was a kind gift from Dr. Amy S.
Lee. Recombinant adenovirus expressing ATF4
was generated by subcloning ATF4 cDNA (Hin-
dIII–EcoRV fragment) into the pAdTrack vector
under a cytomegalovirus (CMV) promoter. The
pAdTrack vector also contains a second CMV
promoter, which controls expression of green
fluorescent protein (GFP). This construct was
used to generate recombinant adenovirus, as
described previously (He et al., 1998). Adeno-
virus expressing only GFP was used as control.

Cortical neurons were plated at 4 � 10 5 cells per well and transduced
with recombinant adenoviruses at a multiplicity of infection (MOI) of 50
at the time of plating.

Nucleofection. Cortical neurons were transiently transfected with small
interfering RNA (siRNAs) using the Nucleofection system according to

Figure 1. Puma expression is induced in cortical neurons during ER stress. A, Cortical neurons
were treated with tunicamycin (3 �g/ml) or thapsigargin (1 �M), and Bim, Noxa, and Puma
mRNA levels were assessed by real-time RT-PCR. Expression was normalized to ribosomal S12
levels and is reported as fold increase over untreated controls (n � 4). B, Bax-deficient cortical
neurons were treated with tunicamycin (TM), and Puma and Bim protein levels were assessed
by Western blot at 24 h. NT, Nontreated.

Figure 2. PUMA is required for DNA- damage-induced and ER-stress-induced apoptosis in cortical neurons. A, B, Cortical
neurons derived from Puma wild-type and knock-out littermates were treated with 1 �M thapsigargin (TG, Tg), 3 �g/ml tunica-
mycin (TM, Tm), 10 �M camptothecin (CPT), or 10 �M etoposide (ETP), and the fraction of apoptotic cells was determined at 24 and
48 h by assessing nuclear morphology after Hoechst staining. The fraction of apoptotic neurons was significantly decreased in
Puma�/� versus Puma�/� cultures (n � 7; *p � 0.001). C, Puma wild-type and knock-out cortical neurons were treated with
DNA-damaging agents or ER stressors as above. Cell lysates obtained 20 h after treatment were assayed for caspase-3 activity (n �
5; *p � 0.001).
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the instructions of the manufacturers (Amaxa Biosystems). Briefly, 50
pmol of siRNA was added to freshly dissociated cortical neurons sus-
pended in Amaxa Mouse Neuron Nucleofector solution (5 � 10 7 cells/
ml). In rescue experiments, 2.5 �g of the expression plasmids pCMV–
GFP or pCMV–GFP–CHOP were also added to the cell suspension. The
cell suspension was then electroporated with the Nucleofector device
using program setting O-05, and then cells were immediately transferred
to tubes containing DMEM supplemented with 10% FBS. Neurons were
plated at a cell density of 1 � 10 6 cells/ml in DMEM/FBS, and the fol-
lowing day the media was changed to standard Neurobasal media con-
taining N2/B27 supplements. Drug treatments were initiated after an
additional 24 h incubation. HPLC purified siRNAs were obtained from
Ambion (Applied Biosystems) and sequences are available on request.

Cell death and survival assays. Neuronal apoptosis was assessed by
examining nuclear morphology in Hoechst 33258 stained cells as de-
scribed previously (Cregan et al., 2002). Briefly, neurons were fixed in 4%
paraformaldehyde (containing 0.2% picric acid in 0.1 M phosphate
buffer, pH 7.1) for 30 min, washed in PBS, and stained with Hoechst
33258 (0.25 �g/ml) dye. Neurons were visualized by fluorescence mi-
croscopy, and images were captured using a
CCD camera (Q-imaging) and Northern
Eclipse software (Empix Imaging). The frac-
tion of cells exhibiting an apoptotic nuclear
morphology characterized by pyknotic and/or
fragmented nuclei containing condensed chro-
matin was scored by an individual blinded to
the treatments. In certain experiments, the
fraction of apoptotic cells was also determined
by terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling
(TUNEL) assay as described previously
(Cregan et al., 1999).

Neuronal survival was assessed as described
previously (Farinelli et al., 1998). Briefly, cells
were lysed in 200 �l of lysis solution (10� PBS,
10% Triton X-100, 1 M MgCl2, and 5%
cetyldimethylethylammonium bromide) and
loaded on a hemocytometer, and the number
of intact nuclei was evaluated using phase-
contrast microscopy. Percentage survival was
calculated as the ratio of live (intact) cells in
drug-treated versus nontreated wells from the
same embryo and multiplied by 100%. When
indicated, neuronal survival was also assessed
by Live-Dead Cytotoxicity assay according to
the instructions of the manufacturer (Invitrogen) and described previ-
ously (Fortin et al., 2001). Survival is reported as the percentage of cells
exhibiting calcein-AM fluorescence. In all survival and apoptotic assays,
a minimum of 500 cells were scored for each well.

Caspase activity assay. Neurons were harvested in caspase lysis buffer (10
mM HEPES, pH 7.4, 1 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1 mM PMSF, 10%
glycerol, 5 �g/ml leupeptin, and 2 �g/ml aprotinin), and 10 �g of protein
was used in caspase-3-like activity assay as described previously (Cregan et
al., 1999). Briefly, protein samples were added to caspase reaction buffer (25
mM HEPES, pH 7.4, 10 mM DTT, 10% sucrose, 0.1% 3-[(3-cholamidopro-
pyl)dimethylamm onio]-1-propanesulfonate, and 10 �M caspase-3 sub-
strate Ac-DEVD-AFC), and fluorescence produced by cleavage of
Ac-DEVD-AFC (acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl-
coumaryl) substrate was measured on a SpectraMax M5 spectrofluo-
rimeter (400 nm excitation, 505 nm emission) over a 1 h interval.
Caspase activity is reported as ratio of fluorescence output in treated
samples relative to corresponding nontreated controls.

Quantitative reverse transcription-PCR. RNA was isolated using Trizol
reagent as per the instructions of the manufacturers (Invitrogen), and
RNA concentration was measured on a spectrophotometer. Quantitative
reverse transcription (RT)-PCR was performed using the QuantiFast
SYBR Green RT-PCR kit (Qiagen) and 20 ng of RNA as described previ-
ously (Steckley et al., 2007). RT-PCR was performed on a Chromo4
detection system (MJ Research/Bio-Rad), and changes in gene expres-

sion were determined using the �(�Ct) method using the ribosomal S12
transcript for normalization. Data are reported as fold increase in mRNA
levels in treated samples relative to corresponding untreated control
samples for each transcript. All PCRs exhibited high amplification effi-
ciencies (�90%), and the specificity of the PCR products were confirmed
by sequencing. Primer sequences used for gene specific amplification are
available on request.

Western blotting. Whole-cell extracts (50 �g of protein) were loaded
and separated on 10 –12% SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes. Blots were probed with primary antibodies to
ATF4/cAMP response element-binding protein-2 (CREB-2) (1:500;
Santa Cruz Biotechnology), Gadd153/CHOP (1:500; Santa Cruz Bio-
technology), PUMA (1:500; Prosci), or BIM (1:500; Stressgen) in block-
ing buffer overnight. Membranes were washed in TBST buffer (10 mM

Tris, 150 mM NaCl, 0.1% Tween 20) and probed with HRP secondary
(1:10,000), and immunoreactive bands proteins were visualized using
SuperSignal ECL (Pierce). Blots were stripped and reprobed for �-actin
(1:10,000; Santa Cruz Biotechnology) as a loading control.

Luciferase reporter assay. A DNA fragment encompassing the PUMA
promoter region �828 to �89 bp relative to the transcription start
site was amplified from mouse genomic DNA using the primers 5�-
GATCGGTACCCAAGCCATTTAGCAGGAACC and 5�-CTAGGCT-
AGCTGCTGCTTCTGGAGTCTTCG. The Puma(0.9 kb)–LUC reporter
construct was generated by inserting the 0.9 kb Puma promoter fragment

Figure 3. ER stress triggers Puma induction and neuronal apoptosis through a p53-
independent mechanism. Cortical neurons derived from p53 wild-type and p53 knock-out lit-
termates were treated with thapsigargin (1 �M; TG), tunicamycin (3 �g/ml; TM), camptothecin
(10 �M; CPT), or etoposide (10 �M; ETP). A, RNA was extracted 12 h after treatment, and Puma
mRNA levels were quantified by real-time RT-PCR. Puma expression was normalized to S12
levels and is reported as fold increase over untreated controls (n � 6; *p � 0.01). B, Neurons
were stained with Hoechst dye 30 h after treatment, and the fraction of apoptotic cells was
determined by assessing nuclear morphology (n � 5; *p � 0.01). Veh, Vehicle.

Figure 4. ATF4 expression is induced by ER stress but not DNA damage. A, Cortical neurons derived from ATF4�/� mice and
wild-type littermates were treated with tunicamycin (3 �g/ml) or camptothecin (10 �M), and ATF4 protein levels were assessed
by Western blot. A nonspecific (ns) band was detected in extracts from both wild-type and ATF4-deficient neurons. NT, Nontreated.
B, Cortical neurons were untreated or treated with thapsigargin (1 �M) for the indicated times, and ATF4 protein levels were
assessed by Western blot.
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into the KpnI/NheI restriction sites of the pGL3basic vector (Promega).
The 0.3 and 0.18 kb Puma promoter fragments were generated by PCR
amplification of the Puma(0.9 kb)–LUC using the primers 5�-GATCG-
GTACCTGCTCCTCCTGCCTGGACCAG and 5�-GATCGGTACCC-
GTGGGAGCCAGCGAGAG, respectively, and the common reverse
primer 5�-CTAGGCTAGCTGCTGCTTCTGGAGTCTTCG. The corre-
sponding PCR products were digested and inserted into the KpnI/NheI
restriction sites of pGL3b vector to generate the Puma(0.3 kb)–LUC and
Puma(0.18 kb)–LUC reporter constructs. Neurons were cotransfected
with 0.5 �g of the Puma–LUC constructs or pGL3b and 0.25 �g of either
pcDNA3 or pCMV–ATF4, and, after 4 h, neurons were treated with 200
nM thapsigargin. Luciferase activity was measured after 24 h using the
Dual-Luciferase Reporter Assay System (Promega) according to the in-
structions of the manufacturers. The Renilla Luciferase vector phRL–
simian virus 40 was included in all transfections and used to normalize
the reporter luciferase activity. Reporter-based luciferase activity is re-
ported as the ratio of luciferase activity produced in cells transfected with
pCMV–ATF4 or pCMV–CHOP relative to pcDNA3 for each reporter
construct.

Chromatin immunoprecipitation assay. Neuronal cultures (20 � 10 6

cells) were crosslinked with 0.5% formaldehyde and then harvested in
SDS lysis buffer and sonicated to fragment DNA. Extracts were incubated
with antibodies to p53 (CM5; Novocastra), ATF4/CREB-2 (C-20X; Santa
Cruz Biotechnology), Gadd153/CHOP (sc-575; Santa Cruz Biotechnol-
ogy), or rabbit IgG control and immunoprecipitated with protein-G
Sepharose beads. Immunocomplexes were eluted and decrosslinked at
65°C, and DNA was recovered by phenol-chloroform extraction. Quan-
titative PCR was performed using the Quantitect SYBER Green PCR kit
according to the instructions of the manufacturer (Qiagen). Relative
DNA binding of p53, ATF4, and CHOP was determined as the �Ct values
between treated and untreated samples immunoprecipitated with the
same antibody. �Ct values were corrected for any changes in nonspecific
interactions as determined by corresponding IgG pull-down samples,
and data are reported as fold enrichment (2 �Ct) in DNA binding.

Primer sequences used for amplification of the PUMA promoter were
5�-CTGTCCCCACGCTGTC (forward) and 5�-GCTTGCTTGCTGGT-
GTCG (reverse) and for the CHOP promoter were 5�-GACAAGTTC-
AGGAAGGACAGC (forward) and 5�-CGGAGGAGGTGAGTGAGTCA
(reverse).

Data analysis. Data are reported as mean and SEM. The value n repre-
sents the number of independent neuron cultures or number of embryos
of indicated genotype from which independent neuron cultures were
prepared involving at least three independent experiments. Differences
between groups were determined by ANOVA and post hoc Tukey’s test
and were considered statistically significant when p � 0.05.

Results
ER stress triggers neuronal apoptosis through a
PUMA-mediated pathway that is activated independently
of p53
Several studies have indicated that ER stress induces cell death
through an intrinsic/mitochondrial pathway regulated by Bax/
Bak (Wei et al., 2001; Smith and Deshmukh, 2007). BH3-only
Bcl-2 family proteins are known to be critical regulators of Bax/
Bak activation during apoptosis (Bouillet and Strasser, 2002).
Previous studies have suggested that the BH3-only family mem-
bers Bim, Noxa, and Puma can be induced by agents that induce

Figure 5. Ectopic expression of ATF4 sensitizes neurons to ER-stress-induced but not DNA-
damage-induced apoptosis. A, Cortical neurons were cotransfected with pGFP and either
pcDNA3 [empty vector (EV)] or pcDNA3–ATF4, and, after 24 h, neurons were treated with
camptothecin (10 �M), tunicamycin (2 �g/ml), or DMSO (0.1%) as a vehicle control. At the
indicated times, neurons were fixed and stained with Hoechst 33258, and the fraction of apo-
ptotic and nonapoptotic GFP-positive cells was assessed by fluorescence microscopy (n � 3;
*p � 0.05). B, Cortical neurons were infected with recombinant adenovirus expressing GFP
(Ad–GFP) or coexpressing ATF4 and GFP (Ad–ATF4/GFP) at 50 MOI and, after 48 h, treated with
tunicamycin (2 �g/ml) or thapsigargin (1 �M). After 24 h, cells were fixed and stained with
Hoechst 33258, and the fraction of apoptotic and nonapoptotic GFP-positive neurons was de-
termined (n � 3; **p � 0.01).

Figure 6. ATF4-deficient neurons are protected against ER-stress-induced but not DNA-
damage-induced apoptosis. A, B, Cortical neurons derived from ATF4�/� embryos and wild-
type littermates were treated with the ER stressors tunicamycin (3 �g/ml) and thapsigargin (1
�M) or the DNA-damaging agents camptothecin (10 �M) and etoposide (10 �M). At the indi-
cated times, cells were lysed, and the number of intact nuclei (viable cells) was counted. Survival
was calculated as the ratio of viable drug-treated neurons to viable untreated neurons for each
embryo (n � 5; *p � 0.05, **p � 0.01). C, D, Wild-type and ATF4-deficient neurons were
treated with thapsigargin (1 �M; TG) or tunicamycin (3 �g/ml; TM), and the percentage of
calcein-AM-positive (live) cells and TUNEL-positive cells was measured after 36 h (n�3; **p�
0.01).
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ER stress (Reimertz et al., 2003; Li et al., 2006; Puthalakath et al.,
2007). Therefore, we examined the expression of these family
members in cortical neurons treated with the ER stressors tuni-
camycin (N-glycosylation inhibitor) and thapsigargin (sarcoen-
doplasmic reticulum Ca 2�-ATPase, Ca 2�-ATPase inhibitor).
We found that both of the ER stressors triggered a marked induc-
tion in Puma expression and a modest increase in Bim mRNA
levels (Fig. 1A). However, Noxa mRNA levels were not induced
in response to either of these agents. PUMA and to a lesser extent
BIM protein levels were also found to be induced by ER stress,
although this was only evident in Bax-deficient neurons, presum-
ably as a result of the rapid cell death that occurs in wild-type
neurons (Fig. 1B). We next examined whether these BH3-only
members were required for ER-stress-induced apoptosis in neu-
rons. To address this, we treated Puma�/� and Puma�/� cortical
neurons with the ER stressors tunicamycin and thapsigargin and
assessed apoptosis by examining nuclear morphology. For com-
parison, sister cultures were treated with the DNA-damaging
agents camptothecin and etoposide. As shown in Figure 2, treat-
ment of wild-type neurons with ER stressors (Fig. 2A) or DNA-
damaging agents (Fig. 2B) induced a substantial increase in the
fraction of cells (�80%) exhibiting an apoptotic morphology
characterized by chromatin condensation and/or nuclear frag-
mentation. In contrast, in Puma-deficient neurons, the ER stres-
sors and DNA-damaging agents induced only a modest increase
in apoptosis (�20%). Consistent with the observed protection
afforded by Puma deficiency, caspase-3 activity induced by both
ER stressors and DNA-damaging agents in wild-type neurons
was dramatically attenuated in Puma-deficient neurons (Fig.
2C). These results indicate that, in addition to its key role in
DNA-damage-induced cell death, PUMA is also a critical regula-
tor of neuronal apoptosis induced by ER stress. Because BIM
expression was also modestly upregulated in response to ER
stress, we examined tunicamycin- and thapsigargin-induced ap-
optosis in wild-type and Bim-deficient neurons. However, unlike
Puma-deficient neurons, Bim-deficient neurons were not pro-
tected against thapsigargin- or tunicamycin-induced apoptosis,
suggesting that BIM is not required for ER-stress-induced apo-
ptosis in neurons (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).

We and others have previously demonstrated that the tran-
scriptional activator p53 is essential for PUMA induction and
neuronal apoptosis induced by DNA damage (Cregan et al., 2004;
Wyttenbach and Tolkovsky, 2006; Uo et al., 2007). Accordingly,
we next investigated whether a p53–PUMA pathway is also in-
volved in ER-stress-mediated neuronal death. To address this, we
examined Puma expression in p53�/� and p53�/� cortical neu-
rons after treatment with the ER stressors tunicamycin and thap-
sigargin. As shown in Figure 3A, Puma mRNA levels were
increased by the ER stressors to a similar extent in p53�/� and
p53�/� neurons, whereas, as expected, DNA-damage-induced
Puma expression was abolished in the absence of p53. Further-
more, we found that p53 deficiency did not affect the level of
ER-stress-induced neuronal apoptosis but, consistent with pre-
vious studies, dramatically reduced DNA-damage-induced cell
death (Fig. 3B). Together, our data indicate that ER stress induces
neuronal apoptosis through a PUMA-mediated pathway that is
activated independently of p53.

ATF4 promotes ER-stress-induced neuronal apoptosis
The above results clearly indicate that a transcriptional activator
other than p53 is required for Puma induction during ER stress.
The transcription factor ATF4 has been implicated in ER stress,

but its functional role in the ER stress response and relevance to
cell death remain unclear. Accordingly, we examined the poten-
tial role of ATF4 in ER-stress- and DNA-damage-mediated death
pathways. Indeed, we observed a robust induction in ATF4 pro-
tein levels after treatment with the ER stressor tunicamycin but
not in response to the DNA-damaging agent camptothecin (Fig.
4A). ATF4 was also rapidly induced in response to thapsigargin
treatment, and increased protein levels were evident within 2 h of
treatment (Fig. 4B).

We next examined whether gain or loss of function of ATF4
affects neuronal death induced by DNA damage or ER stress. In
the first set of experiments, cortical neurons were cotransfected
with plasmids expressing GFP and either ATF4 or an empty vec-
tor as control. After 24 h, transfected neurons were challenged
with either tunicamycin or camptothecin, and the percentage of
GFP-positive neurons exhibiting an apoptotic nuclear morphol-
ogy was determined. As shown in Figure 5A, enforced expression
of ATF4 sensitized neurons to tunicamycin-induced death. In
contrast, ectopic expression of ATF4 protected neurons against
camptothecin-induced apoptosis evident by an increase in neu-
ronal survival from 	40 to 60% (Fig. 5A). To ensure that these
results were not an artifact of the transfection protocol, we
repeated these experiments using recombinant-adenovirus-
mediated ATF4 expression (Fig. 5B). Consistent with the trans-
fection results, we found that ectopic expression of ATF4
markedly enhanced cell death induction by the ER stressors tu-
nicamycin (84.7 vs 40% survival) and thapsigargin (71.7 vs 21.8%
survival) at 24 h after treatment (Fig. 5B).

To address the role of endogenous ATF4, we assessed neuro-
nal survival in wild-type and ATF4-deficient neuronal cultures.
As demonstrated in Figure 6A, ATF4-deficient neurons were

Figure 7. ATF4 regulates Puma induction during ER stress but not DNA damage. Cortical
neurons derived from ATF4�/� and ATF4�/� littermates were treated with the ER stressors
tunicamycin (3 �g/ml; TM) and thapsigargin (1 �M; TG) or the DNA-damaging agents camp-
tothecin (10 �M; CPT) and etoposide (10 �M; ETP), and RNA was extracted after 8 and 12 h.
Puma mRNA levels were quantified by real-time RT-PCR and are reported as fold increase over
corresponding untreated controls (n � 5; *p � 0.01).
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found to be significantly more resistant than wild-type neurons
to ER-stress-induced cell death. For example, whereas only
	20% of ATF4�/� and ATF4�/� neurons remain alive 36 h after
treatment with tunicamycin or thapsigargin, 	60 –70% of ATF4-
deficient neurons survive under the same conditions (Fig. 6A).
Similar results were found when neuronal survival and apoptosis
was measured by live– dead and TUNEL assays, respectively (Fig.
6C,D). In contrast, ATF4-deficient neurons were not resistant to
DNA-damage-induced cell death (Fig. 6B). In fact, ATF4-deficient
neurons exhibited a modest increase in cell death compared with
wild-type neurons. Together, these results suggest that ATF4 pro-
motes neuronal apoptosis during ER stress but can antagonize DNA-
damage-induced cell death.

ATF4 regulates Puma induction during ER stress
Given our observation that ATF4 promotes ER-stress-induced
neuronal apoptosis, we investigated whether ATF4 is required for
Puma induction by assessing Puma mRNA levels in wild-type
and ATF4-deficient neurons. As shown in Figure 7, Puma induc-
tion by both tunicamycin and thapsigargin was significantly re-
duced in ATF4-deficient neurons compared with wild-type
neurons at both 8 and 12 h after treatment. In contrast, Puma
expression induced by DNA damage was not affected by ATF4

deletion. Thus, ATF4 promotes Puma in-
duction during ER stress but not in re-
sponse to DNA damage.

We next examined whether ATF4 can
activate the Puma promoter. To address
this, we generated a reporter construct,
Puma(0.9 kb)–LUC, in which we inserted
a 	0.9 kb mouse DNA fragment homol-
ogous to the previously reported human
Puma promoter region upstream of lucif-
erase in the pGL3b vector (Han et al.,
2001; Yu et al., 2001). To identify the
ATF4-responsive region, we also generated
the truncated Puma reporter constructs Pu-
ma(0.3 kb)–LUC and Puma(0.18 kb)–LUC
that contained only the proximal 	300 and
	180 bp regions of the 0.9 kb Puma pro-
moter fragment. As shown in Figure 8A, co-
transfection of the Puma(0.9 kb)–LUC
reporter construct with an expression plas-
mid for ATF4 (pCMV–ATF4) resulted in an
approximately threefold increase in lucif-
erase activity relative to empty vector con-
trol (pcDNA3). Ectopic expression of ATF4
caused a similar level of luciferase induction
when cotransfected with the Puma(0.3 kb)–
LUC but did not significantly activate lucif-
erase expression from the Puma(0.18 kb)–
LUC or pGL3b vectors. These results
suggest that an ATF4-responsive element is
present in the Puma promoter and is lo-
cated in the nonoverlapping region of the
0.3 and 0.18 kb Puma–LUC constructs
(corresponding to a region 	90 –210 bp
upstream of the transcription start site of
Puma). Therefore, we examined this re-
gion for potential ATF4 binding sites us-
ing the Genomatix promoter analysis
software and identified a conserved ele-
ment exhibiting significant homology to

the consensus ATF/CRE binding sequence and located 	25 bp
downstream of the previously identified p53 binding site (Fig.
8B). To determine whether ATF4 binds to the Puma promoter
during ER stress in situ, we performed quantitative chromatin
immunoprecipitation (ChIP) assays using PCR primers flanking
the ATF4-responsive region and encompassing the putative
ATF4 and p53 binding sites (Fig. 8B). As expected, p53 binding to
this region was enriched 	4.5 fold after camptothecin treatment
(Fig. 8C). In contrast, p53 binding was not increased in neurons
treated with ER stressors, consistent with the lack of p53 involve-
ment in Puma expression in this death paradigm (Fig. 8C). Cu-
riously, we did not detect an increase in ATF4 binding in this
region after either DNA damage or ER stress treatments (Fig.
8D). However, ATF4 binding was significantly enriched at a pre-
viously described ATF4 response element located in the CHOP
promoter (Ma et al., 2002), confirming that the ATF4 ChIP assay
worked (Fig. 8D). These results suggest that ATF4 likely regulates
Puma expression during ER stress via an indirect mechanism.

ATF4 regulates Puma expression indirectly through CHOP
induction during ER stress
The above results suggest that an intermediary factor is involved
in ATF4-mediated Puma induction. Previous studies have sug-

Figure 8. ATF4 does not directly activate the Puma promoter during ER stress. A, Neurons were cotransfected with the pGL3b or
Puma–LUC reporter constructs and either pcDNA3 or pcDNA3–ATF4 and, after 4 h, treated with 200 nM thapsigargin. Luciferase
activity was measured after 24 h and is reported as the ratio of luciferase activity produced in cells transfected with pcDNA3–ATF4
relative to empty pcDNA3 vector for each reporter construct (n � 4; *p � 0.05). B, Schematic of the Puma promoter showing the
location of the putative ATF/CRE and p53 binding sites. Arrows indicate the approximate positions of the PCR primers used in the
ChIP assays. C, Cortical neurons were treated with camptothecin (10 �M; CPT), tunicamycin (3 �g/ml; TM), or thapsigargin (1 �M;
TG), and p53 binding to the Puma promoter was assessed after 8 h by ChIP assay. The level of p53 binding was quantified by
real-time PCR and is reported as fold enrichment over untreated controls (Ctrl) (n�5; *p�0.01). D, Cortical neurons were treated
as above, and binding of ATF4 was assessed by ChIP assay and real-time PCR using primers specifically targeting the putative ATF4
response elements (RE) in the Puma and Chop promoters. Data are reported as fold increase over untreated control samples for
each promoter region (n � 5; *p � 0.01).
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gested a relationship between ATF4 and the transcription factor
CHOP, and indeed we observed enhanced binding of ATF4 to the
CHOP promoter in neurons during ER stress (Fig. 8D). There-
fore, we hypothesized that ATF4 may regulate Puma induction
through CHOP. Indeed, we found CHOP mRNA and protein
levels to be markedly upregulated in neurons after treatment with
tunicamycin or thapsigargin but not in response to DNA damage
(Fig. 9A,B). This increase in CHOP expression by ER stress was
markedly reduced in ATF4-deficient neurons, consistent with its
activation primarily by ATF4 in this paradigm (Fig. 9C,D).

To determine whether CHOP contributes to Puma induction
by ER stress, we transfected cortical neurons with siRNAs di-
rected against CHOP or nontargeting control siRNA using
nucleofection technology. Neurons transfected with the CHOP
targeting siRNAs exhibited a marked reduction in ER-stress-
induced CHOP expression (Fig. 10A). Importantly, we found

that CHOP knockdown reduced Puma mRNA induction by tu-
nicamycin and thapsigargin by 	40% (Fig. 10B). In contrast,
Puma induction by the DNA-damaging agent camptothecin was
not affected by transfection with the CHOP siRNAs (Fig. 10B).
Furthermore, neurons transfected with siRNAs targeting CHOP
exhibited a significant decrease in ER-stress-induced neuronal
apoptosis but not DNA-damage-induced neuronal cell death
(Fig. 10C). Similarly, we found that CHOP knockdown signifi-
cantly increased neuronal survival after tunicamycin or thapsi-
gargin treatment as measured by the live– dead cytotoxicity assay
(Fig. 10D). To confirm the specificity of the CHOP siRNA
knockdown effect, we nucleofected neurons with the Chop–
siRNA-1 that targets the 5� untranslated region of the CHOP
mRNA and a GFP fused CHOP expression plasmid lacking the 5�
untranslated region (pCMV–GFP–CHOP) or the control vector
pCMV–GFP. As shown in Figure 10E, in contrast to pCMV-GFP,
ectopic expression of the siRNA-resistant GFP–CHOP protein
partially restored tunicamycin-induced Puma expression and
neuronal cell death in Chop–siRNA-transfected neurons (Fig.
10E,F). It was noted that the rescue of Puma induction was not
complete, which is likely attributable to the lower transfection
efficiency (	60% GFP-positive cells) of the expression plasmids
compared with siRNA (�85%).

We next performed reporter assays to determine whether
CHOP can activate the Puma promoter from the ATF4-
responsive region. As shown in Figure 11A, cotransfection of the
Puma(0.3 kb)–LUC reporter construct with an expression plas-
mid for CHOP (pCMV–CHOP) resulted in a �2.5-fold increase
in luciferase activity relative to empty vector control (pcDNA3).
In contrast, pCMV–CHOP did not induce luciferase activity
when cotransfected with the Puma(0.18 kb)–LUC or pGL3b re-
porter constructs (Fig. 11A). Interestingly, we found that en-
forced expression of CHOP was sufficient to induce apoptosis in
wild-type neurons but not Puma�/� neurons, suggesting that
PUMA is required for CHOP-induced cell death (Fig. 11B). We
then performed ChIP assays to determine whether CHOP binds
to the Puma promoter in situ during ER stress. As shown in
Figure 11C, CHOP binding to the Puma promoter increased ap-
proximately threefold after treatment with tunicamycin or thap-
sigargin but was not increased by camptothecin treatment. These
results suggest that CHOP can directly regulate the Puma pro-
moter during ER stress but not in response to DNA damage.

Together, our results indicate that ER stress induces neuronal
apoptosis through a p53-independent pathway involving ATF4-
and CHOP-mediated transcriptional induction of the proapop-
totic Bcl-2 family member PUMA.

Discussion
An increasing body of evidence points to a key role of ER stress in
a wide variety of acute and chronic neurodegenerative condi-
tions. Indeed, protein aggregates and markers of the ER stress
response have been observed in dying neurons in animal models
of cerebral ischemia (Hu et al., 2001; Kumar et al., 2001) and
Alzheimer’s, Parkinson’s, and Huntingtin’s diseases (Ryu et al.,
2002; Katayama et al., 2004; Reijonen et al., 2008). Therefore, it
has become essential to identify the signaling pathways that reg-
ulate ER-stress-induced neuronal death.

ER stress induces neuronal apoptosis via a PUMA-dependent
but p53-independent pathway
Recent studies suggest that ER stress induces apoptosis through
an intrinsic (mitochondrial) pathway (Masud et al., 2007). The
BCL-2 family proteins are key regulators of mitochondrial per-

Figure 9. ATF4 regulates CHOP induction in response to ER stress but not DNA damage. A,
Cortical neurons were treated with camptothecin (10 �M; CPT), tunicamycin (3 �g/ml; TM), or
thapsigargin (1 �M; TG), and CHOP mRNA levels were quantified by real-time RT-PCR after 2, 4,
and 8 h (n � 4; *p � 0.01). Ctrl, Control. B, CHOP protein levels were assessed by Western blot
10 h after treatment with camptothecin, tunicamycin, or thapsigargin. NT, Nontreated. C, Cortical
neurons derived from ATF4�/� and ATF4�/� littermates were treated with camptothecin, tunica-
mycin, or thapsigargin, and, after 8 h, CHOP mRNA levels were quantified by real-time RT-PCR (n�4;
*p � 0.01). D, ATF4�/� and ATF4�/� cortical neurons were treated with tunicamycin and after 8
and 12 h CHOP protein levels were assessed by Western blot.
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meabilization, and the proapoptotic family members Bax and
Bak have been implicated in ER-stress-induced cell death (Wei et
al., 2001; Smith and Deshmukh, 2007). The BH3-only subfamily
of Bcl-2 proteins are activated in a cell-type- and stimulus-
dependent manner and function by directly or indirectly pro-
moting Bax/Bak activation (Bouillet and Strasser, 2002). In this
study, we demonstrate that transcriptional activation of the BH3-
only family member PUMA is required for both ER-stress- and
DNA-damage-induced apoptosis in neurons but that the up-
stream regulators of Puma induction are distinct in the two par-
adigms. We and others have shown previously that DNA-
damage-induced Puma expression in neurons is mediated by the
tumor suppressor p53 (Cregan et al., 2004; Wyttenbach and
Tolkovsky, 2006). However, this is clearly not the case with ER
stress because p53 deletion had no significant effect on Puma
induction or cell death. Consistent with the lack of involvement
of p53, we did not detect an increase in expression of the p53-
responsive BH3-only member Noxa (Oda et al., 2000). Nonethe-
less, the involvement of p53 in ER stress may be impacted by the

cellular context. For example, it has been
reported previously that tunicamycin can
induce Puma expression in Saos-2 cells
that lack p53 function (Reimertz et al.,
2003). Conversely, PUMA induction in
response to ER stress in mouse embryonic
fibroblasts has been reported to be depen-
dent on p53 (Li et al., 2006).

ATF4 regulates ER-stress-induced
Puma expression and neuronal
apoptosis
We have determined that ATF4 is rapidly
induced in response to ER stress but not
DNA damage and that ATF4 is a key reg-
ulator of ER-stress-induced neuronal ap-
optosis. Interestingly, ATF4 has also been
shown to regulate the expression of genes
involved in amino acid metabolism and
redox functions, suggestive of a cellular
protective function (Harding et al., 2003).
The reason for this apparent dichotomy is
not clear, but ATF4 is known to dimerize
with a number of transcription factors, in-
cluding FIAT, Nrf2, NF-IL6, as well as
AP-1 and Maf family members, and it is
likely that this can alter its biological func-
tion (Tanaka et al., 1998; Hai and Hart-
man, 2001; He et al., 2001). The dual
nature of ATF4 is reflected in several other
proteins that can play both pro-survival
and death roles, such as p53 a protein in-
volved in both DNA repair and cell death
(Offer et al., 2002) and nuclear factor-�B
(NF-�B) (Aleyasin et al., 2004). Impor-
tantly, we have determined that ATF4
promotes ER-stress-induced neuronal
apoptosis by regulating the transcrip-
tional induction of Puma. Thus, ER stress
and DNA damage induce Puma expres-
sion via distinct pathways involving ATF4
and p53, respectively. It has been reported
recently that ATF4 also plays a proapop-
totic role in oxidative-stress-induced ap-

optosis in neurons (Lange et al., 2008). Interestingly, we have
demonstrated recently that PUMA plays a critical role in regulat-
ing oxidative-stress-induced neuronal apoptosis and that Puma
induction in this context involves both p53 and p53-independent
mechanisms (Steckley et al., 2007). Thus, it would be interesting
to determine whether ATF4 also contributes to Puma induction
during oxidative-stress-induced neuronal death.

CHOP regulates PUMA induction in neurons during
ER stress
Despite our finding that ATF4 is an important regulator of
PUMA induction, we were unable to detect a direct interaction of
ATF4 with the PUMA promoter, suggesting that an ATF4-
responsive intermediate may be involved. The stress-inducible
transcription factor CHOP is known to be activated by a number
of pathways, including ATF4, ATF2, ATF6, and Ire1/XBP-1
(Yoshida et al., 2000; Ma et al., 2002; Averous et al., 2004). We
demonstrate that CHOP is induced in response to ER stress but
not DNA damage and that at least in this context its induction

Figure 10. CHOP knockdown diminishes Puma expression and neuronal apoptosis induced by ER stress but not DNA damage.
Cortical neurons were nucleofected with two different siRNAs directed against CHOP or a nontargeting control siRNA (Ctrl si), and,
24 h later, the neurons were treated with camptothecin (10 �M; CPT), tunicamycin (3 �g/ml; Tm), or thapsigargin (1 �M; Tg). A,
Protein was extracted 12 h after treatment, and CHOP protein was assessed by Western blot. Ctrl, Control. B, RNA was extracted
12 h after treatment, and Puma mRNA levels were quantified by real-time RT-PCR (n � 4; *p � 0.05). C, Neurons were stained
with Hoechst after 36 h, and the fraction of apoptotic cells was determined by assessing nuclear morphology (n � 4; *p � 0.05).
D, Cortical neurons nucleofected with Chop–siRNA-1 or negative control siRNA were treated with thapsigargin (1 �M) or tunica-
mycin (3 �g/ml), and the percentage of calcein-AM-positive (live) cells was determined at 36 h (n � 3; *p � 0.05). E, F, Cortical
neurons were nucleofected with Chop–siRNA-1 or negative control siRNA and either pCMV–GFP or pCMV–GFP–CHOP, and, after
18 h, neurons were challenged with tunicamycin (3 �g/ml). E, The fraction of apoptotic GFP-positive neurons was assessed by
Hoechst staining 30 h after treatment with tunicamycin (n � 3). F, Puma mRNA levels were quantified by real-time RT-PCR 10 h
after tunicamycin treatment and are expressed as fold increase over corresponding untreated controls (n � 3).
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occurs predominately through ATF- mediated transactivation.
Previous studies have implicated CHOP as a proapoptotic factor.
For example, enforced expression of CHOP has been shown to
induce cell death (Maytin et al., 2001), and CHOP-deficient cells
have been reported to be resistant to ER-stress-induced cell death
(Zinszner et al., 1998; Oyadomari et al., 2002). However, the
mechanism by which CHOP engages the apoptotic pathway has
remained unclear. The involvement of the Bcl-2 family has been
suggested by the findings that CHOP-induced cell death is asso-
ciated with translocation of Bax to the mitochondria and that
enforced expression of Bcl-2 can block CHOP-induced cell death
(Matsumoto et al., 1996; Gotoh et al., 2004). Importantly, we
have determined that CHOP knockdown decreases ER-stress-
induced Puma expression and neuronal apoptosis. Consistent
with this, we found that CHOP can activate the Puma promoter
and that it binds to the Puma promoter in situ during ER stress.
Furthermore, we show that enforced expression of CHOP can
induce apoptosis in wild-type but not Puma-deficient neurons,
indicating that PUMA is required for CHOP-induced neuronal
death. Paradoxically, we found that ectopic expression of ATF4
was not sufficient to induce neuronal cell death but rather sensi-
tized neurons to ER-stress-induced apoptosis. This likely reflects
a requirement for ER stress signals in the activation of ATF4.
Indeed, it has been shown previously that ectopic expression of
ATF4 is not sufficient to induce CHOP expression in the absence
of an ER stress signal (Harding et al., 2000b). The half-life of
ATF4 under nonstressed conditions is very short because it is
rapidly targeted for proteasomal degradation (Lassot et al., 2001).
Thus, it is assumed that ER stress signals directly or indirectly
affect the stability of the ATF4 protein. It is also possible that ER
stress leads to the induction of an additional factor required for

efficient ATF4-mediated transactivation. It should be noted,
however, that even ectopic expression of CHOP only resulted in a
relatively modest increase in neuronal apoptosis (	30% cell
death after 48 h). Thus, it is likely that ER stress signaling can
potentiate the proapoptotic functions of CHOP as well.

Although our study clearly demonstrates the important in-
volvement of ATF4 –CHOP signaling in ER-stress-induced neu-
ronal apoptosis, it is evident that inhibition of this pathway does
not completely abrogate Puma induction or cell death. This sug-
gests that additional factors contribute to Puma induction during
ER-stress-induced apoptosis. In addition to ATF4, ER stress ac-
tivates the Ire1� and ATF6 arms of the unfolded protein re-
sponse, and it is possible that these pathways may also contribute
to Puma induction. Indeed, both proapoptotic and anti-
apoptotic functions have been attributed to these pathways (Lin
et al., 2007; Yokouchi et al., 2007). Interestingly, during activa-
tion by ER stress, Ire1� exhibits dual functions in inducing the
expression of the prosurvival transcription factor XBP1 and acti-
vating the proapoptotic JNK signaling pathway (Urano et al.,
2000; Yoshida et al., 2001; Calfon et al., 2002). Thus, it is possible
that Ire1–JNK signaling could contribute to Puma induction
through activation of the transcription factor c-jun. Further-
more, several transcription factors, including E2F1, Foxo3a, p73,
and NF-�B, have been implicated in the transcriptional regula-
tion of Puma, but their relevance in ER stress has not yet been
examined (Hershko and Ginsberg, 2004; Melino et al., 2004; You
et al., 2006; Wang et al., 2009).

ATF4 –CHOP–PUMA pathway in neurodegenerative
conditions
In the present study, we have identified a key signaling pathway in
ER-stress-induced neuronal apoptosis involving the transcrip-
tion factors ATF4 and CHOP and their downstream target
PUMA. Several lines of evidence suggest that this pathway may be
relevant and important in brain injury and neurodegenerative
conditions. For example, induction of ATF4, CHOP, and Puma
levels have been reported in affected brain regions in models of
cerebral ischemia (Paschen et al., 1998; Jin et al., 2001; Morimoto
et al., 2007; Niizuma et al., 2009). Furthermore, both ATF4-
deficient and CHOP-deficient mice have been reported to exhibit
smaller infarcts after ischemia–reperfusion injury (Tajiri et al.,
2004; Lange et al., 2008). Similarly, both CHOP and PUMA have
been implicated in dopaminergic neuronal death in Parkinson’s
disease models (Holtz and O’Malley, 2003; Biswas et al., 2005;
Silva et al., 2005). Finally, it has been reported recently that Puma
expression is induced in degenerating motor neurons in a mouse
model of amyotrophic lateral sclerosis and that Puma deletion
reduces motor neuron apoptosis in this model (Kieran et al.,
2007).

In summary, our results demonstrate that an ATF4 –CHOP–
PUMA signaling pathway plays a key role in the regulation of
ER-stress-induced neuronal apoptosis. We suggest that this path-
way may be an important therapeutic target relevant to a variety
of neurodegenerative conditions.
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