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The activator protein 1 (AP-1) transcription factor c-Jun is crucial for neuronal apoptosis. However, c-Jun
dimerization partners and the regulation of these proteins in neuronal apoptosis remain unknown. Here we
report that c-Jun-mediated neuronal apoptosis requires the concomitant activation of activating transcription
factor-2 (ATF2) and downregulation of c-Fos. Furthermore, we have observed that c-Jun predominantly
heterodimerizes with ATF2 and that the c-Jun/ATF2 complex promotes apoptosis by triggering ATF activity.
Inhibition of c-Jun/ATF2 heterodimerization using dominant negative mutants, small hairpin RNAs, or decoy
oligonucleotides was able to rescue neurons from apoptosis, whereas constitutively active ATF2 and c-Jun
mutants were found to synergistically stimulate apoptosis. Bimolecular fluorescence complementation analysis
confirmed that, in living neurons, c-Fos downregulation facilitates c-Jun/ATF2 heterodimerization. A chroma-
tin immunoprecipitation assay also revealed that c-Fos expression prevents the binding of c-Jun/ATF2 het-
erodimers to conserved ATF sites. Moreover, the presence of c-Fos is able to suppress the expression of
c-Jun/ATF2-mediated target genes and, therefore, apoptosis. Taken together, our findings provide evidence
that potassium deprivation-induced neuronal apoptosis is mediated by concurrent upregulation of c-Jun/ATF2
heterodimerization and downregulation of c-Fos expression. This paradigm demonstrates opposing roles for
ATF2 and c-Fos in c-Jun-mediated neuronal apoptosis.

The activator protein 1 (AP-1) transcription factor signals
by formation of homodimers and heterodimers among the
basic-region leucine zipper (bZIP) family proteins Jun, Fos,
ATF, and Maf. AP-1 dimers regulate the transcription of
many target genes involved in cell differentiation, apoptosis,
and stress responses via preferential binding to consensus
DNA-regulatory elements (43). For example, c-Jun homodimers
and c-Jun/c-Fos heterodimers bind to the consensus 12-O-
tetradecanoylphorbol-13-acetate-responsive element (TRE) se-
quence TGAC/GTCA, whereas ATF2 homodimers and c-Jun/
ATF2 heterodimers favor the ATF consensus sequence TG/
TACNTCA (46). Accumulating evidence in the literature
suggests that the transcriptional regulation and posttransla-
tional regulation of AP-1 proteins are two important mech-
anisms in regulating the composition and distinct functions
of nuclear AP-1 dimers (43).

Neuronal apoptosis contributes to the progression of neu-
ropathological disorders such as stroke and neurodegenerative
disease (34). It is well established that c-Jun N-terminal pro-

tein kinase (JNK)-dependent transactivation of c-Jun is able to
mediate several neuronal death paradigms, including those
initiated by �-amyloid toxicity (38), trophic factor withdrawal
(7, 24), and ischemia (23). Inhibition of JNKs using either
pharmacological agents or c-Jun itself via a dominant negative
mutation or small hairpin RNA (shRNA) is able to prevent
apoptosis (15, 31, 35, 53), thus indicating the importance of
c-Jun signaling in neuronal death (9). Our lab previously in-
dentified death protein 5/harakiri (dp5), a BH3-only Bcl-2 fam-
ily member, as a critical target gene of c-Jun in neuronal
apoptosis (31). However, the dimerization partners of c-Jun
and their regulation in neuronal apoptosis remained unknown.

ATF2 is an AP-1 transcription factor constitutively ex-
pressed in the brain that dimerizes with c-Jun to exert its
function in the cell. Some reports suggest that ATF2 contrib-
utes to neuronal survival, and rapid and long-lasting suppres-
sion of ATF2 expression has been characterized as a common
response to neuronal injury (33). Conversely, ATF2 phosphor-
ylation is observed to increase in neurons upon extreme stimuli
(25, 50), suggesting a controversial role for ATF2 in neuronal
apoptosis.

c-Fos has been characterized as another important dimer-
ization partner for c-Jun (43). c-Fos has been demonstrated to
be essential for stress-evoked death in retinal cells (13, 52).
However, in some neurons, including cerebellar granule neu-
rons (CGNs), high levels of c-Fos expression are indispensable
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for cell differentiation and survival (6, 56). It is therefore un-
clear how c-Fos signaling participates in neuronal apoptosis.

In this study we investigated the roles of ATF2 and c-Fos in
c-Jun-mediated CGN apoptosis induced by potassium with-
drawal. We demonstrate that potassium deprivation leads to
JNK-dependent transactivation of ATF2 and c-Jun and results
in c-Fos downregulation via reduced calmodulin-dependent
protein kinase (CaMK) activity. c-Jun/ATF2 heterodimers me-
diate neuronal apoptosis, and c-Fos downregulation facilitates
c-Jun/ATF2 heterodimerization and subsequent apoptosis.

MATERIALS AND METHODS

CGN cultures. Rat CGNs were prepared from 7- to 8-day-old Sprague-Dawley
rat pups (15 to 19 g) as described previously (27, 28, 31). Potassium deprivation
and apoptosis assays were performed as described previously (27, 28, 31). More
than 800 transfected cells were counted for each treatment. For administration
of inhibitors, DIV7 CGNs maintained in 25 mM KCl (25 K) medium plus serum
were switched to 25 K or 5 mM KCl (5 K) medium in the presence or absence
of the inhibitors SP600125 (Calbiochem), CEP11004 (a kind gift from Cephalon
Inc.), nifedipine (Sigma), and KN62 (Calbiochem). Dimethyl sulfoxide was used
as a control. The final concentration of dimethyl sulfoxide was less than 0.1%.

Western blotting. Western blotting analyses were performed as described
previously (27, 28, 31). Primary antibodies included phospho-ATF2 (Thr69
Thr71), phospho-c-Jun (Ser73) (Cell Signaling Technology), ATF2, c-Fos (Santa
Cruz Biotechnology), c-Jun (BD Bioscience), tubulin, Flag (Sigma), and V5 tag
antibody (AbD Serotec).

Reverse transcription (RT)-PCR. Total RNA was extracted and isolated
from CGNs using the TRIzol reagent (Invitrogen) as described previously
(31). With the Primer Premier 5.0 software, we designed primers that were
specific for c-fos (forward, 5�-CAGCCTTTCCTACTACCAT-3�, and reverse,
5�-CTTATTCCTTTCCCTTCG-3�), �-actin (forward, 5�-CAACTGGGACG
ATATGGAGAAG-3�, and reverse, 5�-TCTCCTTCTGCATCCTGTCAG-
3�), c-jun (forward, 5�-TGGGCACATCACCACTACAC-3�, and reverse, 5�-
AGTTGCTGAGGTTGGCGTA-3�), dp5 (forward, 5�-AGACCCAGCCCGG
ACCGAGCAA-3�, and reverse, 5�-ATAGCACTGAGGTGGCTATC-3�),
and atf3 (forward, 5�-TCACCTCCTGGGTCACTG-3�, and reverse, 5�-CCG
CCTCCTTTTTCTCTC-3�).

IP and immunodepletion. Immunoprecipitation (IP) assays were performed as
described previously (28). For each trial, neuronal extracts composed of 6.0 �
106 cells were prepared by solubilization in 400 �l cell lysis buffer (20 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 5 mM beta-glycerophosphate, 1 mM Na3VO4, 1
�g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 �M aprotinin) for 10
min at 4°C. After brief sonication, the lysates were cleared by centrifugation at
15,000 � g for 10 min at 4°C, and the cell extract was immunoprecipitated with
2 �g of ATF2 (Santa Cruz Biotechnology), c-Jun (BD Biosciences), or c-Fos
antibody (Cell Signaling Technology) and incubated with 30 �l protein A plus G
agarose hydrazide beads (Calbiochem). For immunodepletion assays, IP with the
specified antibody was performed in three rounds. The immunocomplexes were
washed three times with cell lysis buffer, and the supernatants were subjected to
Western blotting. The percentages of specific proteins in the supernatant were
calculated by normalization to those in a tubulin loading control.

For HEK 293 coIP, V5-C2/c-Jun, Flag-C2/ATF2, and control plasmids, with or
without c-Fos or A-Fos, were cotransfected into HEK 293 cells using Lipo-
fectamine 2000 as described previously (31). Thirty-six hours after transfection,
cells were lysed and immunoprecipitated with 2 �g of V5 or Flag antibody. The
precipitated immunocomplexes were subjected to Western blotting.

Gel mobility shift assay. A gel mobility shift assay was performed using nuclear
extracts immunodepleted of c-Jun or ATF2. Nuclear extracts were prepared as
described in detail previously (27, 31). For immunodepletion, nuclear extracts
(100 �g) were incubated for two rounds at 4°C with 4 �g of c-Jun or ATF2
antibody (Santa Cruz Biotechnology). The atf probes containing a conserved
ATF sequence (jun2 site [underlined]) (forward, 5�-AGCTAGCATTACCTCA
TCCCGATC-3�, and reverse, 5�-GATCGGGATGAGGTAATGCTAGCT-3�)
and a synthetic oligonucleotide dp5 probe containing another conserved ATF
sequence, TTACATCA, were annealed and labeled with �-32P (Perkin Elmer
Life and Analytical Sciences) using a T4 polynucleotide kinase. 32P-labeled
probes were then incubated with 5 �g of immunodepleted nuclear protein in 20
�l DNA binding reaction buffer at 4°C for 1 hour. DNA-protein complexes were
resolved by 4% polyacrylamide gel electrophoresis and exposed to photography.

Constructs, transfection, and luciferase assay. DIV5-6 CGNs were trans-
fected using a calcium phosphate transfection method, and a reporter assay was
performed as described previously (28, 31). The plasmid 2�jun2-luc (designated
the atf-luciferase [atf-luc] reporter in this paper) was a kind gift from Hans van
Dam (48). The plasmids C2/ATF2, C2/c-Jun, and ATF2-DN and a collagenase
promoter reporter (coll-luc) were described previously (45); for coIP, C2/c-Jun
was subcloned into the pcDNA3.1/V5 vector (Invitrogen). A-ATF2 and A-Fos
were also described previously (49). 7�AP-1-luc (designated tre-luc in this paper
[an artificial reporter containing seven TRE sites]) was purchased from Strat-
agene. The dp5-luc and c-Jun–DN constructs were described previously (31). An
ATF2-expressing plasmid was constructed by cloning the cDNA encoding ATF2
into pShuttle with a Flag tag at the C terminus, and Flag-tagged c-Fos was cloned
into pcDNA 3.1.

RNA interference. Two 19-nucleotide atf2 shRNA constructs, shatf2a and
shatf2b, were designed as described previously (31); they target the sequences
GAAGAAGTGGGTTTGTTTA (nucleotides 521 to 540) and GCTATTCCTG
CATCAATTA (nucleotides 972 to 990) of atf2 mRNA (NCBI accession number
NM_031018), respectively. Two c-fos shRNA constructs, shc-fosa and shc-fosb,
were used; they target the sequences GGAGACAGATCAACTTGAA (nucleo-
tides 653 to 671) and GCTGAAGGCTGAACCCTTT (nucleotides 941 to 959)
of c-fos mRNA (NCBI accession number NM_022197). Two c-jun shRNAs,
shc-juna and shc-junb, were described previously (35).

Immunofluorescence. Immunocytochemistry and confocal imaging were per-
formed as described previously (35). Antibodies used in these studies include an
ATF2 rabbit monoclonal antibody (Cell Signaling Technology), a �-galactosi-
dase (�-Gal) mouse monoclonal antibody (Cell Signaling Technology), a c-Jun
mouse monoclonal antibody (BD Biosciences), a �-Gal rabbit polyclonal anti-
body (5 Prime 3 Prime, Boulder, CO), a Flag mouse monoclonal antibody
(Sigma), and Cy3- and fluorescein isothiocyanate-conjugated donkey secondary
antibodies (Jackson ImmunoResearch).

Decoy oligonucleotides. The decoy plasmid was constructed by a previously
described method (17). To construct 12 copies of the atf decoy, three oligonu-
cleotides each containing four ATF elements (TTACCTCA) in tandem sepa-
rated by several unrelated nucleotides were synthesized. The oligonucleotides
were 5�-AATTCTTACCTCAGATGATTACCTCATCCCGCTTACCTCACGAT
CAGTTACCTCAC-3�, 5�-TCGAGTTACCTCAGATGATTACCTCATCCCGCT
TACCTCACGATCAGTTACCTCAT-3�, and 5�-GATTACCTCAGATGATTAC
CTCATCCCGCTTACCTCACGATCAGTTACCTCAA-3�. ATF elements are
shown in boldface type, and the restrictive blunt ends are underlined. The decoys
were ligated to 12 copies and then subcloned into the pMD19 vector (Takara).
To construct a mutant atf decoy, all of the ATF elements (TTACCTCA) in-
volved in the atf decoy were replaced by different nucleotides (underlined in
GGACCTCG) (31). All constructs were confirmed by sequencing.

Bimolecular fluorescence complementation (BiFC) assay. Plasmids encoding
c-Jun and ATF2 were fused to N-terminal residues 1 to 172 (JunVN173) or
C-terminal residues 155 to 238 (ATF2VC155), respectively, of the Venus fluo-
rescent protein as described previously (30). Jun�L3VN173 served as a negative
control because it lacked the capacity to bind to ATF2 (30). CGNs were cotrans-
fected with 2 �g each of JunVN173 and ATF2VC155 and then subjected to a
depolarizing (25 K medium) or potassium deprivation (5 K medium) treatment
for 1 h at 12 to 16 h posttransfection. To compare the efficiencies of fluorescence
complementation, the cells were cotransfected with vectors encoding cyan fluo-
rescent protein (CFP). CFP expression was measured using excitation at 420 nm
and emission at 470 nm. Venus fluorescence (green) was measured by excitation
at 490 nm and emission at 530 nm. The exposed time for Venus fluorescence was
controlled to maximally decrease overlapping signals from CFP. More than 500
cells were counted in each trial.

Construction and infection of Ads. Recombinant adenoviruses (Ads) contain-
ing Flag-tagged c-Fos or A-Fos were generated according to the protocol de-
scribed for the AdEasy XL Ad vector system (Stratagene). The shuttle vector
(Stratagene) delivering either c-Fos or A-Fos was homologously recombined
with AdEasy-1 in BJ5183 strains to generate Ad–c-Fos or Ad–A-Fos. Ads were
amplified and purified as described previously (29, 44). DIV5 neurons were
infected with either Ad–c-Fos or Ad–A-Fos in addition to a control Ad, Ad-
green fluorescent protein (GFP), at a multiplicity of infection of 100 for 36 h and
then subjected to chromatin IP (ChIP) assays, RT-PCR, and apoptosis assays.

ChIP assays. ChIP assays were performed using the ChIP assay kit (Upstate
Cell Signaling Solutions) as previously described (31). Two micrograms of rabbit
c-Jun antibody or rabbit ATF2 antibody (Santa Cruz Biotechnology) were used
for IP. Purified DNA was subjected to PCR amplification using the primers
spanning the ATF site on the dp5 promoter (forward, 5�-AGGGTTAAAAGT
TACCTCTCGGC-3�; reverse, 5�-ACCCCAAGTTTCGCTCTGC-3�, the c-jun
promoter (forward, 5�-CTAGACAGCCAAACCAAGAC-3�; reverse, 5�-GCTC
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ACGGGATGAGGTAAT-3�) (31), and the atf3 promoter (forward, 5�-TGTG
ACCGCCCCTTCTCG-3�; reverse, 5�-CTGAGTGAGACTGTGACTGGGAG-
3�) (5).

RESULTS

Potassium deprivation results in JNK-dependent transacti-
vation of c-Jun and ATF2, which coincided with rapid c-Fos
downregulation. To determine whether ATF2 is involved in
potassium deprivation-induced neuronal apoptosis, we exam-
ined the phosphorylation status of ATF2 using Western blot-
ting. We observed that, in comparison to what occurred with
unchallenged CGNs in depolarizing (25 K) medium, potassium
deprivation (5 K treatment) led to a dramatic elevation in
phosphorylated ATF2 starting at 1 hour postdeprivation and
lasting up to 4 hours postdeprivation (Fig. 1A), and this ele-
vation also paralleled increases in levels of c-Jun phosphory-
lation and expression (Fig. 1A). The ATF2 total protein level
remained constant in response to potassium deprivation, and
c-Jun expression was induced as previously reported (Fig. 1A)
(31, 51). Treatment of CGNs with the JNK inhibitor SP600125
(3, 31) or the mixed-lineage kinase inhibitor CEP11004 (31,
39) completely abrogated ATF2 phosphorylation (Fig. 1B),
suggesting that ATF2 phosphorylation is dependent upon JNK
activity (12). Thus, c-Jun and ATF2 are activated in the early
stages of CGN apoptosis induced by potassium deprivation.

We next sought to examine whether c-Fos, another impor-
tant dimerization partner of c-Jun (43), is involved in CGN
apoptosis. Both the mRNA and protein levels of c-Fos were

observed to be downregulated sharply at 1 hour after 5 K
treatment, and this effect lasted for up to 4 hours (Fig. 1C), in
contrast to the increase in ATF2 and c-Jun phosphorylation.
These results suggest that potassium deprivation leads to tran-
scriptional downregulation of c-Fos at the onset of apoptosis.

It is well established that depolarization-induced calcium
influx via L-type calcium channels sustains elevated c-Fos ex-
pression in neurons (37). Blockage of L-type calcium channels
by nifedipine consistently lowered depolarization-induced c-
Fos expression to levels comparable to those seen in 5 K
medium (Fig. 1D). KN62, a specific inhibitor of the Ca2�/
CaMKs (8), inhibited depolarization-evoked c-Fos expression
(Fig. 1D), suggesting that c-Fos transcriptional downregulation
in response to potassium deprivation may result from the im-
paired activation of CaMKs caused by a loss of calcium influx.
In brief, potassium withdrawal results in the JNK-dependent
transactivation of c-Jun and ATF2 and concurrent c-Fos down-
regulation.

The majority of c-Jun and ATF2 proteins heterodimerize
with each other, and c-Jun/ATF2 heterodimers predominantly
occupy the ATF site in CGNs deprived of potassium. To test
whether potassium deprivation facilitates c-Jun/ATF2 het-
erodimerization, we performed coIP and immunodepletion as-
says with cell lysates from CGNs incubated in either 25 K or 5
K medium. As has been reported previously (51), precipitates
of c-Jun in CGNs in 25 K medium were below the limits of
detection (Fig. 2A). In contrast, under the 5 K condition,
significant heterodimerization between c-Jun and ATF2 was

FIG. 1. Potassium deprivation induces the transactivation of c-Jun and ATF2 and the downregulation of c-Fos. (A) CGNs were cultured in 25
K or 5 K medium for the indicated times, and cell lysates were subjected to Western blotting with antibodies against phospho-c-Jun (p-c-Jun),
c-Jun, phospho-ATF2, or ATF2. (B) CGNs in 25 K or 5 K medium were treated with 10 �M SP600125 (SP) or 2 �M CEP11004 (CEP) for 4 h,
and cell lysates were subjected to Western blotting (WB) with antibodies against phospho-ATF2 or ATF2. (C) CGNs in 25 K or 5 K medium were
lysed at the times indicated and subjected to Western blotting with antibodies against c-Fos. Total mRNA was extracted and subjected to RT-PCR
with primers specific to c-fos. (D) CGNs were cultured in 25 K or 5 K medium for 4 h in the presence or absence of 1 �M nifedipine (Nif) or 10
�M KN62 (KN). Lysates were then subjected to Western blotting with antibodies against c-Fos. Total mRNA was extracted and subjected to
RT-PCR with primers specific to c-fos. Tubulin was reprobed to verify equal loadings, and �-actin was amplified to verify equal inputs.
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detected by coIP (Fig. 2A). Subsequently, we performed im-
munodepletion of either ATF2 or c-Fos and analyzed the su-
pernatants via Western blotting with a c-Jun antibody. Upon
depletion of ATF2, it was determined that approximately 90%
of c-Jun was bound to ATF2 when CGNs were deprived of
potassium (Fig. 2B, upper panel). In contrast, only a small

percentage of c-Jun (�33%) was associated with ATF2 under
the 25 K condition (Fig. 2B, upper panel). The c-Fos depletion
experiment revealed that a greater amount of c-Jun (�55%)
interacted with c-Fos than with ATF2 under the 25 K condition
but that none of the c-Jun was associated with c-Fos under 5 K
conditions (Fig. 2B, lower panel). Thus, potassium deprivation

FIG. 2. The majority of c-Jun heterodimerizes with ATF2, and c-Jun/ATF2 heterodimers predominantly occupy the ATF sites in CGNs
deprived of potassium. (A) CGNs in 25 K or 5 K medium for 4 h were lysed and subjected to IP with either ATF2 or c-Jun antibodies. The
precipitates were analyzed by Western blotting (WB). (B) Cell lysates from CGNs incubated in either 25 K or 5 K medium for 4 h were subjected
to immunodepletion (ID) using ATF2 or c-Fos antibodies. The supernatants were analyzed by Western blotting with a c-Jun antibody. The intensity
of the c-Jun band was normalized to tubulin. (C) Gel mobility shift assays were performed using 32P-labeled atf probes or dp5 probes with nuclear
extracts depleted of c-Jun or ATF2. Immunoglobulin G (IgG) was used as an antibody control. SB, specific DNA-protein band.
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induces substantial heterodimerization between c-Jun and
ATF2.

We next performed a gel mobility shift assay to determine
whether c-Jun/ATF2 heterodimers bind to conserved ATF
sites under conditions of potassium deprivation. To do this, we
used end-labeled atf and dp5 probes. The atf probe contains
the ATF sequence in the promoter of c-jun (jun2 site, TTAC
CTCA) (47). The dp5 probe contains another 8-bp ATF ele-
ment (TTACATCA), which was identified by our group (31)
and contains only one base that does not match the jun2 site.
Potassium deprivation caused a marked increase in the inten-
sity of the complexes captured by the two probes in comparison
to what occurred with 25 K medium (Fig. 2C). Sequential IP of
the nuclear extracts collected from CGNs in 5 K medium using
either c-Jun or ATF2 antibody resulted in substantial reduc-
tion of the specific band (Fig. 2C), thus confirming that both
c-Jun and ATF2 are present in the complex. Similar results
were obtained using alternative end-labeled probes containing
the conserved 8-bp ATF element (TTACGTCA) located in the
promoter of the atf3 gene (5, 35; data not shown). In summary,
potassium deprivation induces the formation of c-Jun/ATF2
heterodimers, which bind predominantly to the conserved
ATF sites.

ATF, but not TRE, activity is increased in CGNs deprived of
potassium. To determine whether potassium deprivation-in-
duced c-Jun/ATF2 heterodimerization contributes to the acti-
vation of promoters containing ATF elements, we carried out
reporter gene assays using an atf-luc reporter containing
2�jun2 sites (TTACCTCA) to monitor the ATF activity (45,
47). 5 K treatment caused an approximately 2.9-fold increase
in the activity of luciferase compared to the level of activity
caused by the 25 K treatment (Fig. 3A, left panel). ATF2-DN
and c-Jun–DN are dominant negative mutants that lack the
transactivation domain. A-ATF2 contains an amphipathic
acidic 	-helical sequence replacing the basic region, which
promotes higher-affinity binding of A-ATF2 to its partner but
inhibits binding to ATF sites (49). c-Jun–DN, ATF2-DN, or
A-ATF2 abolished the activation of atf-luc stimulated by po-
tassium deprivation (Fig. 3A, left panel), suggesting that c-Jun/
ATF2 heterodimers activated atf-luc under potassium depri-
vation. We also tested the activity of the dp5 and atf3
promoters, both of which contain an ATF sequence, TTAC
CTCA or TTACGTCA. Comparably, the expression of dp5-
luc or atf3-luc was found to be markedly stimulated by potas-
sium deprivation (Fig. 3A, right panel). In accordance with
previous reports (31, 35, 36, 51), these studies determined that
potassium deprivation promotes ATF activation and upregu-
lation of c-jun, dp5, and atf3 (Fig. 3B).

To monitor whether potassium deprivation alters TRE ac-
tivity via downregulation of c-Fos or upregulation of c-Jun,
coll-luc, containing the TRE site (TGACTCA), and tre-luc
were utilized (48). The activities of the two reporter genes were
found to be consistent between the 25 K and 5 K treatment
groups (Fig. 3C). These results further supported the possibil-
ity that the majority of 5 K-induced c-Jun heterodimerized with
ATF2. Because of the low levels of c-Jun in the 25 K group and
the downregulation of c-Fos in 5 K medium, the absence of
c-Fos and c-Jun coexpression may explain the lack of change in
TRE activity in 5 K medium. Taken together, these data dem-

onstrate that c-Jun/ATF2 heterodimers promote ATF activity
rather than TRE activity in response to potassium deprivation.

c-Jun/ATF2 heterodimerization is necessary and sufficient
for induction of apoptosis. We examined whether interfering
c-Jun/ATF2 heterodimers protected CGN from apoptosis. c-
Jun–DN can compete with endogenous c-Jun for binding to
ATF2 and target genes (31). In agreement with previous re-
ports (14, 51, 53), overexpression of c-Jun–DN significantly
protected CGNs from apoptosis (Fig. 4A). This protection
upon 5 K-induced CGN apoptosis may be explained by the
disruption of c-Jun/ATF2 heterodimers, and as such, blockage
of ATF2 should display a similar protection against CGN
apoptosis. Indeed, expressing ATF2-DN or A-ATF2 in CGNs
attenuated apoptosis in comparison to that in the vector con-
trol (Fig. 4A). Since c-Jun–DN and ATF2-DN may affect the
activities of other AP-1 transcription factors, we introduced
shRNA targeting c-Jun or ATF2. c-jun or atf2 shRNAs can
effectively reduce the levels of c-Jun or ATF2 ectopically ex-
pressed either in HEK 293 cells or in CGNs (Fig. 4B and C).
Knockdown of c-jun was able to suppress 5 K-induced CGN
apoptosis (Fig. 4B), which is in agreement with our previous
data (35). Comparably, knockdown of atf2 by shatf2a or

FIG. 3. Potassium deprivation increases ATF activity rather than
TRE activity. (A) CGNs were transfected with atf-luc plasmids and
pCMV-RL in combination with plasmids encoding c-Jun–DN, ATF2-
DN, or A-ATF2 (left panel). A dual-reporter analysis of dp5-luc or
atf3-luc was performed with CGNs incubated in either 25 K or 5 K
medium (right panel). The levels of luciferase activity were normalized
to Renilla luciferase activity. (B) The levels of c-jun, dp5, and atf3
mRNA in CGNs in 25 K or 5 K medium for the indicated durations of
time were measured, and �-actin mRNA was amplified as an input
control. (C) Dual-reporter analysis of tre-luc or coll-luc in CGNs
cultured in 25 K or 5 K medium. Data in this figure are presented as
means 
 standard errors of the means (SE) (three experiments). P �
0.05 (Student’s t test).
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FIG. 4. c-Jun/ATF2 heterodimers are necessary and sufficient for CGN apoptosis. (A) CGNs transfected with c-Jun–DN, ATF2-DN, or A-ATF2 together
with GFP (to mark the transfected cells) were maintained in 25 K or 5 K medium for 12 h and stained with Hoechst 33258. (B) HEK 293 cells were cotrans-
fected with the constructs BS/U6, shc-juna, or shc-junb together with Flag–c-Jun and subjected to Western blotting with a Flag antibody (left panel). CGNs
transfected with BS/U6, shc-juna, or shc-junb plasmids were maintained in 25 K or 5 K medium and then subjected to c-Jun staining, with �-Gal staining as a
marker for transfection (middle panel) or with GFP to analyze apoptosis (right panel). Scale bar � 10 �m. (C) Knockdown efficiency and apoptotic analysis for
shatf2a and shatf2b were performed as described for panel B. (D) HEK 293 cells were transfected with V5-C2/c-Jun and Flag-C2/ATF2 and then lysed for CoIP
with V5 or Flag antibodies. Western blotting (WB) was performed using a Flag or V5 antibody. (E) CGNs were cotransfected with C2/c-Jun and C2/ATF2 in
the indicated doses and in the absence or presence of atf-luc plasmids (left panel). A dual-reporter analysis was performed. An apoptotic analysis was performed
48 h posttransfection. All apoptotic rates in this figure were quantified by scoring the percentages of transfected neurons with pyknotic nuclei in total transfected
cells. The data are presented as means 
 SE of the means (three experiments). �, P � 0.05; ��, P � 0.01 (Student’s t test).

2436



shatf2b rescued CGNs from apoptosis too (Fig. 4C). In sum-
mary, c-Jun/ATF2 heterodimerization and ATF activity were
essential for apoptosis induced by potassium deprivation in
CGNs.

The proapoptotic effects of the active c-Jun/ATF2 het-
erodimer were examined using a combinational transfection of
C2/ATF2 and C2/c-Jun, two constitutively active mutants. The
phosphorylation-dependent activation domain of the two mu-
tants was replaced with the constitutively active transcriptional
activation domain of the transcription factor CREB2, and as a
result, the mutants were able to potently stimulate ATF site-
containing promoters (45). CoIP experiments confirmed that
C2/ATF2 and C2/c-Jun formed a complex when overexpressed
in HEK 293 cells (Fig. 4D). In CGNs, as shown in Fig. 4E (left
panel), C2/ATF2 or C2/c-Jun alone had a subtle effect on
atf-luc activity, whereas the combination of the two activated
atf-luc, thus indicating that ATF2 and c-Jun activities syner-
gistically upregulated ATF signaling. C2/ATF2 did not influ-
ence CGN apoptosis due to the low levels of endogenous c-Jun
available to heterodimerize in serum-containing cultures,
whereas C2/c-Jun showed a slight activation in CGN apoptosis.
Coexpression of C2/ATF2 and C2/c-Jun stimulated more neu-
ronal apoptosis than expression of either construct alone (Fig.
4E, right panel). In summary, c-Jun/ATF2 heterodimers me-
diate potassium deprivation-induced CGN apoptosis.

Blocking c-Jun/ATF2 heterodimers using decoy oligonucle-
otides suppresses CGN apoptosis. Decoy analysis has been
described as a promoter competition strategy to capture the
functional transcriptional factors or transcriptional complex
from targeting the endogenously conserved promoter sites (17,
32). To investigate whether the c-Jun/ATF2 heterodimers play
a role in CGN apoptosis, we employed decoy oligonucleotides
to prevent the c-Jun/ATF2 heterodimers from binding to the
endogenous ATF sites. The same ATF sequence (TTACC
TCA) in the atf probe used in gel mobility shift assays was
cloned into the pMD vector using 12 copies in tandem to
construct an atf decoy. Also, a mutant atf decoy in which the
entire ATF sequence was replaced by GGACCTCG (where
underlining indicates mutated oligonucleotides) was con-
structed, resulting in a loss of binding capacity to c-Jun/ATF2
heterodimers. As shown in Fig. 5A, 5 K-evoked activation of
atf-luc was impaired by the atf decoy but not the mutant atf
decoy, indicating that the atf decoy was able to successfully
inhibit the activation of c-Jun/ATF2 heterodimers. Consis-
tently, transfection of the atf decoy was observed to markedly
rescue CGNs from apoptosis (Fig. 5B). These results support
the idea that c-Jun/ATF2 heterodimers promote CGN apop-
tosis by binding to promoter ATF sites.

c-Fos downregulation facilitates heterodimerization be-
tween c-Jun and ATF2. The finding that rapid downregulation
of c-Fos (Fig. 1C) was accompanied by an increased formation
of c-Jun/ATF2 heterodimers (Fig. 2A) raised the possibility
that c-Fos downregulation facilitates the formation of c-Jun/
ATF2 heterodimers. It has previously been determined in the
literature that c-Fos possesses a much higher affinity for c-Jun
than ATF2 does (21, 49) (for details, see Discussion). To
visualize Jun/ATF2 heterodimerization, a BiFC assay was per-
formed using c-Jun or ATF2 fused to N-terminal residues 1 to
172 or C-terminal residues 155 to 238 of the Venus fluorescent
protein (30). To evaluate the efficiency of the BiFC assay, we

cotransfected CFP to identify transfected cells, and the per-
centage of CFP-positive cells exhibiting Venus fluorescence
(i.e., BiFC) was assessed. As shown in Fig. 6A, BiFC signal
intensities derived from JunVN173 and ATF2VC155 increased
by twofold within 1 hour in 5 K medium compared to those in
25 K medium. The constant expression level of JunVN173 or
ATF2VC155 between 25 K and 5 K confirmed that the 5
K-increased BiFC signal resulted from enhanced association
between c-Jun and ATF2 (Fig. 6A). The combination of
ATF2VC155 and Jun�L3VN173, a mutant of c-Jun unable to
bind ATF2, did not yield a detectable signal either in 5 K or in
25 K medium (Fig. 6A). Thus, potassium withdrawal facilitated
heterodimerization between c-Jun and ATF2.

If the increased BiFC signal subsequent to potassium depri-
vation resulted from c-Fos downregulation, then overexpres-
sion of c-Fos should prevent the increased signal. Indeed, this
was exactly what is shown in Fig. 6B. A-Fos (49), a mutant with
higher affinity for heterodimerization with c-Jun than c-Fos,
was also able to completely abolished the BiFC signal (Fig.
6B). In addition, the expression of JunVN173 or ATF2VC155
in 25 K or 5 K medium was unaffected by the expression of
c-Fos or A-Fos (data not shown). These results suggested that
the existence of c-Fos impeded the association between c-Jun
and ATF2. Conversely, a specific c-fos knockdown increased
the BiFC signal (Fig. 6C) with an effect similar to that of c-Fos
downregulation in 5 K-treated cells. As a control, c-fos knock-
down failed to affect the expression of either JunVN173 or
ATF2VC155 (data not shown). Taken together, these data
demonstrate that c-Fos downregulation facilitated the associ-
ation between c-Jun and ATF2.

Prevention of c-Jun/ATF2 heterodimerization by c-Fos sup-
presses ATF activity, expression of target genes, and apop-
tosis. To address whether c-Fos activity affected the function of
c-Jun/ATF2 heterodimers, we tested the effects of c-Fos or
A-Fos expression on c-Jun/ATF2 heterodimerization, binding
of c-Jun and ATF2 to ATF sites, ATF activity, and potassium

FIG. 5. Blocking c-Jun/ATF2 heterodimers using decoy oligonucle-
otides suppresses ATF activity and apoptosis. CGNs transfected with
the atf decoy (atf-dec) or mutant atf decoy (m-atf-dec) together with
atf-luc were maintained in 25 K or 5 K medium and were subjected to
dual-reporter analysis. Transfection of either the atf decoy or the
mutant atf decoy alone as well as apoptotic analyses of the cells were
performed as described in the legend to Fig. 4A. Data are presented as
means 
 SE (three experiments). P � 0.05 (Student’s t test).
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deprivation-induced apoptosis. As shown in Fig. 7A, expres-
sion of either c-Fos or A-Fos abrogated activation of atf-luc
provoked by 5 K. CoIP experiments revealed that the presence
of c-Fos or A-Fos predominantly acted to compete with C2/c-
Jun for binding to C2/ATF2 (Fig. 7B, left panel). The expres-
sion of c-Fos or A-Fos in CGNs consistently repressed the
atf-luc activation typically evoked by the combination of C2/c-
Jun and C2/ATF2 (Fig. 7B, right panel). These results indi-
cated that the expression of c-Fos suppressed c-Jun/ATF2-
mediated ATF activity. A-Fos exhibited enhanced inhibition

compared to c-Fos due to its higher affinity for c-Jun and the
loss of the capacity of A-Fos/c-Jun complexes to bind TRE or
ATF sites (49).

We then performed a ChIP assay to address whether c-Fos
prevents c-Jun and ATF2 from binding to ATF sites in the
promoters of c-jun, dp5, and atf3. Due to the low transfection
efficiency of CGNs, we constructed recombinant Ads express-
ing either c-Fos or A-Fos to achieve efficient infection. Ad-
mediated c-Fos or A-Fos was expressed in approximately 70 to
80% of CGNs (Fig. 7C, left panel), and equal amounts of c-Fos

FIG. 6. c-Fos downregulation facilitates c-Jun/ATF2 heterodimerization in response to potassium deprivation in CGNs. (A) CGNs transfected
with plasmids encoding JunVN173 (JunVN) and ATF2VC155 (ATF2VC), in combination with plasmids encoding CFP, were maintained in 25 K
or 5 K medium for 1 h, and photographs were obtained, or cells were lysed for Western blotting to determine the expression levels of JunVN and
ATF2VC. Jun�L3VN served as a control. The white arrows indicate BiFC signals (Venus fluorescence). The percentage of CFP-positive cells
exhibiting Venus fluorescence was scored. Data are presented as means 
 SE (three experiments). P � 0.05 (Student’s t test). (B) CGNs
cotransfected with plasmids encoding c-Fos or A-Fos together with plasmids encoding JunVN, ATF2VC, and CFP were subjected to BiFC analysis.
Data are presented as means 
 SE (three experiments). P � 0.05 (Student’s t test). (C) HEK 293 cells cotransfected with BS/U6, shc-fosa, or
shac-fosb together with plasmids encoding Flag–c-Fos were subjected to Western blotting with a Flag antibody. CGNs were transfected with the
BS/U6, shc-fosa, or shc-fosb plasmids together with plasmids encoding JunVN, ATF2VC, and CFP for BiFC analysis. Data are presented as means

 SE (three experiments). P � 0.05 (Student’s t test).
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FIG. 7. Overexpression of c-Fos or A-Fos attenuates c-Jun/ATF2 heterodimer-mediated ATF activity, expression of target genes, and
apoptosis. (A) CGNs transfected with plasmids encoding c-Fos or A-Fos together with atf-luc were maintained in 25 K or 5 K medium and
subjected to a dual-reporter assay. (B) HEK 293 cells cotransfected with V5-C2/c-Jun and Flag-C2/ATF2 with or without c-Fos or A-Fos were lysed
for IP with a V5 antibody. Input and precipitates were analyzed by Western blotting (WB) (left panel). CGNs were transfected with atf-luc plasmids
together with plasmids encoding C2/ATF2, C2/c-Jun, c-Fos, and A-Fos and subjected to a dual-reporter assay (right panel). (C) CGNs infected
with Ad–c-Fos or Ad–A-Fos were stained with a Flag antibody or not stained with a primary antibody (
1°) (left panel). Western blotting was
performed to detect the expression of c-Fos or A-Fos (right panel). (D) Cell lysates were subjected to a ChIP assay with c-Jun or ATF2 antibodies.
Chromatin was sonicated into fragments of approximately 500 bp (left panel). Western blotting analysis of the precipitates was performed using
c-Jun or ATF2 antibodies (middle panel). Purified chromatin was assessed by PCR amplification of the regions proximal to the c-jun, dp5, and atf3
promoters (right panel). Equal amounts of total genomic DNA (Input) were used for IP under each condition. (E) CGNs infected with Ad-GFP,
Ad–c-Fos, or Ad–A-Fos were incubated in 25 K or 5 K medium and subjected to RT-PCR with primers specific to c-jun, dp5, atf3, and bim. �-actin
was amplified to verify equal inputs. (F) CGNs infected with Ad-GFP, Ad–c-Fos, or Ad–A-Fos were maintained in 25 K or 5 K medium for
apoptotic analysis. Data were presented as means 
 SE (three experiments). P � 0.05 (Student’s t test).
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or A-Fos were expressed between the 25 K and 5 K treatment
groups (Fig. 7C, right panel). Chromatin was sonicated into
fragments of about 500 bp for ChIP assays (Fig. 7D, left panel).
In the captured immunoprecipitates, consistently with a previ-
ous report (31), c-Jun protein cross-linked to DNA was readily
detectable in CGNs deprived of potassium but not in CGNs in
the 25 K group, whereas levels of ATF2 protein cross-linked to
DNA were equal in CGNs under the 25 K and 5 K conditions
(Fig. 7D, middle panel). ChIP assays using an ATF2 antibody
revealed that binding of ATF2 to ATF sites showed no differ-
ence between CGNs maintained in 25 K or 5 K medium (Fig.
7D, right panel). This finding is consistent with previous stud-
ies demonstrating that binding of ATF2 to ATF sites is unal-
tered during activation and repression of c-Jun activity (19, 41).
In contrast, potassium deprivation led to enhanced binding of
c-Jun to the c-jun, dp5, and atf3 promoter regions, and Ad-
mediated c-Fos or A-Fos expression significantly attenuated
binding of c-Jun to these promoters (Fig. 7D, right panel).
Thus, c-Fos expression prevented binding of c-Jun to ATF
sites.

Moreover, expression of either c-Fos or A-Fos prevented 5
K-induced upregulation of c-jun, dp5, and atf3 but not upregu-
lation of bim (Fig. 7E), indicating that the prevention of c-Jun/
ATF2 heterodimerization by c-Fos was able to suppress the
transcription of c-Jun/ATF2 target genes but that bim is not a
c-Jun/ATF2 target gene in CGNs deprived of potassium, as
demonstrated by our previous reports (31, 44). Furthermore,
recombinant Ad expressing either c-Fos or A-Fos was able to
significantly prevent CGN apoptosis (Fig. 7F), thus indicating
that c-Fos protection against neuronal apoptosis does not in-
volve an active transcriptional mechanism. These results dem-
onstrated that downregulation of c-Fos contributed to c-Jun/
ATF2-mediated CGN apoptosis secondary to potassium
deprivation.

DISCUSSION

We demonstrated here that in response to potassium depri-
vation in CGNs, (i) JNK-dependent transactivation of ATF2
and c-Jun is accompanied by c-Fos downregulation via inacti-
vation of CaMKs, (ii) c-Jun predominantly heterodimerizes
with ATF2, (iii) c-Jun/ATF2 heterodimers promote apoptosis
by triggering ATF activity, (iv) c-Fos downregulation facilitates
c-Jun/ATF2 heterodimerization, and (v) c-Fos expression sup-
presses the transcription of c-Jun/ATF2 target genes and sub-
sequent apoptosis.

Numerous studies have addressed the importance of c-Jun
activation in neuronal apoptosis in several systems (2, 9, 20, 31,
51, 53); however, c-Jun binding partners in neuronal apoptosis
remain unknown. With CGNs following potassium depriva-
tion, our results appear to be consistent with those of previous
reports (20, 24, 36, 51) in that we not only confirmed c-Jun
phosphorylation and upregulation in a JNK-dependent man-
ner but also showed that ATF2 acts as a c-Jun partner to
promote apoptosis. Although ATF2 is constitutively expressed
in the brain, its role in neuronal fate is less clear. In the present
study, we showed that (i) potassium deprivation resulted in
JNK-dependent transactivation of ATF2, (ii) a dominant neg-
ative ATF2 or knockdown of atf2 by shRNAs rescued neurons
from apoptosis, and (iii) ectopic coexpression of the constitu-

tively active mutants C2/ATF2 and C2/c-Jun synergistically
induced apoptosis. These findings define a role for the require-
ment of ATF2 in neuronal apoptosis.

Contrary to our findings here, a recent study suggested that
neither c-Jun nor ATF2 is involved in potassium deprivation-
induced apoptosis in CGNs on the basis of evidence that
shRNA knockdown of c-Jun or atf2 does not prevent neuronal
apoptosis (4). Although this apparent discrepancy could be
due to differences in experimental conditions or the use of
different experimental techniques, consistent results were,
however, obtained in our own studies when several different
experimental approaches were pursued. Thus, our results, as
listed below, which are in agreement with those of several
other previously published studies (31, 35, 51), collectively
demonstrate that c-Jun and ATF2 are vital for CGN apoptosis.
First, the results presented in this study have consistently
shown that the introduction of an exogenous dominant nega-
tive c-Jun construct exerts significant protection against CGN
apoptosis. Second, specific knockdown of c-jun by shRNA is
able to rescue neurons from apoptosis. Third, either transfec-
tion of dominant negative ATF2 mutants or specific knock-
down of atf2 by shRNA prevented neuronal apoptosis. Finally,
interference of c-Jun/ATF2 binding to ATF sites using a decoy
strategy is again able to prevent the apoptotic cascade. Con-
sistent with our findings in this study, the role of c-Jun in
neuronal apoptosis has also been addressed under various con-
ditions by several other laboratories (20, 24, 26, 51, 55).

c-Fos has been documented to be an essential player in the
differentiation and survival of cultured CGNs (6). However,
the mechanism by which c-Fos promotes neuronal survival is
elusive. Our results herein suggest that the prosurvival effect of
c-Fos may include a nontranscriptional mechanism, since a
c-Fos mutant (A-Fos) without transcriptional activity is also
able to prevent apoptosis. Moderate Ca2� influx through L-
type calcium channels subsequent to neuronal depolarization
in response to potassium-rich medium activates Ca2�/calmod-
ulin-dependent kinases (42), which can elevate c-Fos expres-
sion by signaling through MEK/extracellular signal-regulated
kinase or CREB (1, 22). Potassium deprivation results in an
activation of proapoptotic JNKs concomitantly with decreased
activity of the prosurvival CaMK pathways. Similar effects have
been observed in nerve growth factor withdrawal-induced
PC12 apoptosis, in which activation of JNK and p38 is accom-
panied by the loss of prosurvival extracellular signal-regulated
kinase activity (54). The consequences of JNK activation and
CaMK inactivation following potassium deprivation converge
to balance the activity of AP-1 factors, in which c-Jun and
ATF2 are transactivated to mediate apoptosis via heterodimer-
ization while c-Fos is downregulated to facilitate c-Jun/ATF2
heterodimerization and the apoptotic process (Fig. 8). The
dynamic interactions between c-Jun, ATF2, and c-Fos are
carefully orchestrated to coordinate CGN apoptosis following
potassium deprivation.

The observation that c-Fos downregulation facilitates c-Jun/
ATF2 heterodimerization is further supported by the ability of
c-Jun to bind to c-Fos with higher affinity than to ATF2. The
stability and specificity of dimerization between bZIP members
are decided by their hydrophobic residues and the charges of
adjacent amino acids (46, 49). For c-Fos, the domain respon-
sible for binding to c-Jun possesses a strong negative charge,
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whereas for c-Jun, positively charged amino acids predomi-
nate. ATF2 contains equal numbers of positive and negative
residues. As a result, the coupling energy responsible for c-Jun/
c-Fos heterodimerization is far lower than that for c-Jun/ATF2
heterodimerization (49), resulting in a more stable c-Jun/c-Fos
heterodimer than the c-Jun/ATF2 heterodimer (11, 40). Thus,
the presence of c-Fos impedes ATF2/c-Jun heterodimer for-
mation.

IP assays demonstrated that the majority of c-Jun and ATF2
heterodimerizes with each other during potassium deprivation,
and gel mobility shift assays confirmed that c-Jun/ATF2 com-
plexes bind to ATF sites. In order to further substantiate AP-1
dynamics in living cells, we used BiFC analysis (21) to demon-
strate that, in living neurons, potassium deprivation induces
c-Jun/ATF2 heterodimerization and that coexpression of ei-
ther c-Fos or A-Fos disassociates c-Jun/ATF2 heterodimers. In
addition to performing BiFC analysis, we performed ChIP
assays to further confirm that the presence of c-Fos interfered
with the binding of c-Jun to ATF2 and ATF sites. Collectively,
our data establish that potassium deprivation promotes c-Jun/
ATF2 heterodimerization secondary to c-Jun induction and
c-Fos downregulation, which is required for the upregulation
of target genes containing ATF sites and subsequent neuronal
apoptosis.

The function of c-Jun and ATF2 as a complex to regulate
target gene expression has been under intense scrutiny for the
past several years. An excellent study was published by Hay-
akawa et al. (16), in which they identified 269 genes via ChIP
whose promoters are bound upon phosphorylation of ATF2
and c-Jun, and the binding did not occur in the presence of the
JNK inhibitor SP600125 or JNK-specific shRNA (16). A vari-

ety of proapoptotic genes, such as tumor necrosis factor alpha
(18) and Fas L (10), have been found to serve as direct down-
stream targets of c-Jun/ATF2 in apoptosis. Dp5, a BH3-only
protein, was identified by our group as a target gene product of
c-Jun and is required for potassium withdrawal-induced CGN
apoptosis, but its induction is only partially mediated by trans-
activation of the c-Jun/ATF2 complex (31). Therefore, further
studies are necessary in order to identify the target genes of
c-Jun/ATF2 heterodimers essential for neuronal apoptosis.

In conclusion, our results revealed that increased c-Jun/
ATF2 heterodimerization is coupled with the downregulation
of c-Fos expression during potassium deprivation-induced
CGN apoptosis. c-Jun/ATF2 heterodimers mediate neuronal
apoptosis by upregulation of ATF activity, while the concur-
rent downregulation of c-Fos facilitates c-Jun/ATF2 het-
erodimerization and subsequent apoptosis (Fig. 8). Our find-
ings suggest a model for selective dimerization of AP-1
proteins coupled with the transcriptional regulation of AP-1
genes in the regulation of neuronal death.
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