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Egr-1 Transactivates Bim Gene Expression to Promote
Neuronal Apoptosis
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The proapoptotic BH3-only protein Bim is a crucial regulator of neuronal apoptosis. Previous studies have indicated the involvement of
the c-Jun, FOX01/3a, and B/C-Myb transcription factors in the regulation of Bim during neuronal apoptosis. However, the mechanism
underlying the transcriptional regulation of Bim in activity deprivation-induced neuronal apoptosis has remained unclear. The present
study demonstrates that early growth response 1 (Egr-1), rather than c-Jun, FOXO01/3a, or B/C-Myb, directly transactivates Bim gene
expression to mediate apoptosis of rat cerebellar granule neurons. We showed that Egr-1 was sufficient and necessary for neuronal
apoptosis. Suppression of Egr-1 activity using dominant-negative mutant or knockdown of Egr-1 using small interfering RNAs led to a
decrease in Bim expression, whereas overexpression of Egr-1 resulted in induction of Bim. Deletion and site-directed mutagenesis of the
Bim promoter revealed that Bim transcriptional activation depends primarily on a putative Egr-binding sequence between nucleotides
—56 and —47 upstream of the start site. We also showed that Egr-1 binding to this sequence increased in response to activity deprivation
in vitro and in vivo. Moreover, inhibition of Egr-1 binding to the Bim promoter, by mithramycin A and chromomycin A3, reduced the
activity deprivation-induced increases in Bim promoter activity and mRNA and protein levels and protected neurons from apoptosis,
further supporting the Egr-1-mediated transactivation of Bim. Additionally, Bim overcame the Egr-1 knockdown-mediated inhibition of
apoptosis, whereas Bim knockdown impaired the increase in apoptosis induced by Egr-1. These findings establish Bim as an Egr-1 target

gene in neurons, uncovering a novel Egr-1/Bim pathway by which activity deprivation induces neuronal apoptosis.

Introduction
The Bcl-2 homology 3 (BH3)-only members of the Bcl-2 protein
family are key regulators of apoptosis (Youle and Strasser, 2008).
Among the BH3-only proteins, Bim plays a critical role in a vari-
ety of neuronal death paradigms, including cerebellar granule
neurons (CGNs) deprived of activity (Putcha et al., 2001; Shi et
al., 2005), sympathetic neurons during removal of nerve growth
factor (NGF) (Whitfield et al., 2001), and cortical neurons ex-
posed to B-amyloid peptide (Biswas et al., 2007b; Yao et al.,
2007). For example, CGNs and sympathetic neurons from Bim
knock-out mice display a significant delay in apoptosis (Putcha et
al., 2001; Coultas et al., 2007), demonstrating that Bim is a critical
mediator of a proapoptotic signaling pathway in these neurons.
Transcriptional control is an important mechanism regulat-
ing Bim expression during neuronal apoptosis (Ham et al., 2005).
Several studies have indicated that the c-Jun N-terminal protein
kinase (JNK)/c-Jun pathway is involved in the regulation of Bim
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in sympathetic neurons and in CGNs (Harris and Johnson, 2001;
Whitfield et al., 2001; Biswas et al., 2007a); however, in CGNs, we
and others found that the JNK/c-Jun pathway has no effect on
Bim upregulation (Shi et al., 2005; Ma et al., 2007; Hongisto et al.,
2008). Other transcriptional regulators of Bim expression include
the FOXO transcription factors in sympathetic neurons (Gilley et
al., 2003; Biswas et al., 2007a) and in other cell types, such as
lymphocytes (Dijkers et al., 2000), although a role for FOXO in
CGNss after activity deprivation is less clear. This point is ad-
dressed further in Discussion. Although Bim is also a target of the
Cdk4/E2F/B/C-Myb pathway in sympathetic neurons and PC12
cells (Biswas et al., 2005), it is not known whether B-Myb and
C-Myb are involved in the regulation of Bim in CGNs.

Early growth response 1 (Egr-1) (also called NGFI-A, Zif268,
or Krox24) is a zinc finger transcription factor implicated in a
wide range of cell death paradigms (Thiel and Cibelli, 2002),
including stress-induced apoptosis (Virolle et al., 2001), apopto-
sis in cancer cells (Muthukkumar et al., 1995; Chen et al., 2010),
and inflammation-associated apoptosis (Lee et al., 2004). In the
CNS, Egr-1 induction is observed in animal models of neuronal
death-related diseases, such as Parkinson’s disease (Smith et al.,
1997) and ischemia (Tureyen et al., 2008). Although it has been
reported that Egr-1 is upregulated (Catania et al., 1999) and plays
a crucial role in the activity deprivation-induced apoptosis of
CGNs (Levkovitz and Baraban, 2001), its direct targets in neuro-
nal apoptosis are unknown.

Until now, there has been no evidence for a functional rela-
tionship between Egr-1 and Bim in neurons. In the present study,
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Bim induction in response to activity deprivation was shown to
be independent of c-Jun, FOXO1/3a, or B/C-Myb transcription
factors. We found that Egr-1 bound to the Bim promoter and
directly transactivated Bim expression during apoptosis. Further-
more, Bim acted downstream of Egr-1 to mediate its proapop-
totic effect. Together, this study has identified a proapoptotic
Egr-1/Bim signaling mechanism underlying neuronal apoptosis.

Materials and Methods

Cell culture and transfection. Rat CGNs of either sex were prepared from
7- or 8-d-old Sprague Dawley rat pups as described previously (Ma et al.,
2007; Yuan et al,, 2009). Briefly, neurons were dissociated from freshly
dissected cerebella by mechanical disruption in the presence of trypsin
and DNase and then seeded at a density of 1.5 X 10° cells/ml in basal
modified Eagle’s medium containing 10% fetal bovine serum and potas-
sium at concentrations that cause membrane depolarization (25 mm
KCI). For immunofluorescence analysis, CGNs were seeded on cover-
slips (Thermo Fisher Scientific). Activity deprivation was performed as
described previously (D’Mello et al., 1993; Shi et al., 2005; Yuan et al.,
2009). After 7 d in vitro (DIV7), neurons maintained in serum containing
25 mm KCl were rinsed three times with serum-free media and incubated
in serum-free media containing 25 or 5 mm KCl [25K (control) or 5K
(activity deprivation)]. All experiments were performed using serum-
free media, to avoid complications caused by the presence of survival
factors in serum (Miller and Johnson, 1996; Song et al., 2010).

For the administration of inhibitors, DIV7 CGNs were incubated in
25K or 5K media in the presence or absence of the following reagents:
SP600125 (anthra[1,9-cd]pyrazol-6(2 H)-one) (Calbiochem), insulin-
like growth factor-1 (IGF-1) (Invitrogen), mithramycin A (Biomol), and
chromomycin A3 (Calbiochem). Cells that did not receive drugs received
a control vehicle. To avoid toxicity, the final concentration of DMSO was
<0.1%. Human embryonic kidney (HEK) 293 cells were cultured in
DMEM with 10% fetal bovine serum. For transient gene transfection,
DIV6 CGNs were transfected using the calcium phosphate transfection
method described previously (Ma et al., 2007; Song et al., 2010). HEK 293
cells were transfected using Lipofectamine 2000.

Constructs and dual-luciferase reporter assays. Bim, Egr-1, and specificity
protein 1 (SpI) constructs were cloned from rat cDNA and incorporated
into the pshuttle-Flag—-IRES—hrGFP-1 expression vector. The dominant-
negative (dn) Egr plasmid was generated by PCR amplification of the zinc
finger region (amino acids 322—427) of mouse Egr-1 from pCMV-Flag—
NLS—dnEgr (amino acids 322-533) as described previously (Zhang et al.,
2003). Briefly, the PCR product (forward primer, 5'-GTTTAGTGAAC-
CGTCAGAAT-3’ and reverse primer, 5'-AATTGATATCTTAGTCT-
GCTTTCTTGTCCTTCT-3") was cloned into the HindIII and EcoRV sites
of the pPCMV-Flag-NLS expression vector. The pEBGN—-dnSp1 plasmid,
which encodes a fusion protein consisting of glutathione S-transferase and
the Sp1 zinc finger DNA-binding domain, has been described (Petersohn
and Thiel, 1996; Al-Sarraj et al., 2005). The pcDNA3-dnMyb expression
plasmid (Santilli etal., 2005) and the Myb response reporter pMIM-1 (Sala et
al., 1999) were gifts from Dr. Arturo Sala (University College London, Lon-
don, United Kingdom). The p6MBS Myb response reporter was provided by
Dr. Toru Nakano (Osaka University, Osaka, Japan) (Takahashi et al., 2000).
The Egr-responsive reporter plasmid pEBS1 * has been described previously
(Thiel et al., 1994).

The Bim-luciferase (Luc) reporter, containing a 5.2 kb DNA fragment
spanning nucleotides —2545 to +2658 of the Bim 5’-flanking region, rela-
tive to the transcription start site, and the Bim—Luc (dmFOXO) reporter,
incorporating mutations of two FOXO binding sites, were kindly provided
by Dr. Jonathon Ham (University College London, London, United King-
dom) and have been described previously (Gilley et al., 2003). A series of
reporter constructs with the same 3’ terminus but different 5" termini, were
also constructed by PCR using Bim—Luc as the template and the common
reverse primer 5 -CATTTGGTCTTTTTTTCTGCAAGGAAACCG-
GAGGG-3'. The forward primers were as follows: 5'-GATCCCAGTA-
CAGCTCATGGCG-3' for Bim (nucleotides —846 to +2658)-Luc, 5'-
GGCGGCGCACGCAAACTGCAG-3' for Bim (AMyb, nucleotides —187
to +2658)-Luc, 5'-GGACTTACCTTCCGGCTTGCC-3' for Bim (nucleo-
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tides —90 to +2658)-Luc, and 5'-GCAGGCACTGGGTCAACAGC-3' for
Bim (nucleotides +36 to +2658)-Luc. All PCR products were subcloned as
an Xhol/HindIII fragment into the plasmid pGL3-Basic (Promega). The
mutant Egr site (GCGGGGGGCG to ACAAGAAACC) (Tremblay and Dr-
ouin, 1999) was introduced into the 5.2 kb Bim-Luc plasmid by overlap
extension PCR. First, two DNA fragments with a 17 bp overlap (TGAACAA-
GAAACCGAGC) containing the mutant Egr site were amplified by PCR
from the 5.2 kb Bim—Luc plasmid using the following primer pairs: forward,
5'-CTCAGATTCACAGAGACTTCG-3" and reverse, 5 -GCTCG-
GTTTCTTGTTCAGTCCGGCCCGGGCAAGC-3'; and forward, 5'-
TGAACAAGAAACCGAGCCCGCGGTGATTG-3" and reverse, 5'-
CATTTGGTCTTTTTTTCTGCAAGGAAACCGGAGGG-3'. The full-
length Bim promoter (5.2 kb), containing the mutant Egr site, was obtained
by mixing the two DNA fragments produced from the first-step PCR and
then using them as the template in the second PCR reaction with the outer-
most primers. The subsequent PCR product was subcloned as a Kpnl/
HindIlII fragment into pGL3-Basic. All constructs were confirmed by DNA
sequencing.

For the dual-luciferase reporter assays, cells were transfected with 1 pg
of a luciferase reporter plasmid and 200 ng of the pRL-CMV Renilla
luciferase reporter plasmid (Promega). After transfection, neurons were
kept in conditioned media for 12 or 24 h and then transferred to serum-
free media containing 25K or 5K for 12 h. Firefly luciferase activity was
normalized to Renilla luciferase activity as reported previously (Ma et al.,
2007).

Western blotting and antibodies. Western blot analysis was performed as
described previously (Ma et al., 2007; Yuan et al., 2009). Briefly, lysates were
separated using SDS-PAGE and electrophoretically transferred to a polyvi-
nylidene difluoride membrane. Membranes were blocked in Tris-buffered
saline with 5% milk and 0.05% Tween 20 and probed with primary antibod-
ies at 4°C overnight. The following primary antibodies were used: anti-Bim,
anti-phospho-c-Jun (Ser73), anti-phospho-FOXO1/3a (Thr24/32), and anti-
phospho-Akt (Ser473) [all from Cell Signaling Technology (CST)]; anti-
Egr-1 and anti-Sp1 (from Santa Cruz Biotechnology); and anti-Flag
and anti-Tubulin antibodies (from Sigma-Aldrich). Appropriate
horseradish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch) were used for detection with the ECL and ECL-
plus systems (GE Healthcare).

Reverse transcription-PCR. Total RNA was extracted and isolated from
CGNs using TRIzol reagent (Invitrogen) as described previously (Ma et al.,
2007). Reverse transcription (RT) was performed using SuperscriptIII
reverse transcriptase (Invitrogen) and oligo-dT primers. The following
primer pairs were used: bim, forward, 5'-CTACCAGATCCCCACTTTTC-3’
and reverse, 5'-GCCCTCCTCGTGTAAGTCTC-3'; c-jun, forward, 5'-
TGGGCACATCACCACTACAC-3" and reverse, 5'-AGTTGCTGAGGTTG-
GCGTA-3'; and B-actin, forward, 5'-CAACTGGGACGATATGGAGAAG-3’
and reverse, 5'-TCTCCTTCTGCATCCTGTCAG-3'.

RNA interference. Two Bim small interfering (si) RNAs (siBima and
siBimb) were designed to target rat bim mRNA (NM_171988) sequences:
5'-CAACCAUUAUCUCAGUGCA-3" and 5'-GACAGAGAAGGUGGA-
CAAUUG-3', respectively. Two Egr-1 siRNAs (siEgr-1a and siEgr-1b) were
used to target the rat egr-I mRNA (NM_012551) sequences: 5'-GGAC-
UUAAAGGCUCUUAAU-3" and 5'-GGACAAGAAAGCAGACAAA-3',
respectively. A nontargeting siRNA was used as a negative control for all
siRNA transfection experiments. All siRNAs were synthesized by Shanghai
GenePharma. The efficacy and specificity of siRNAs were determined as
described previously (Ma et al., 2007; Yuan et al., 2009). Briefly, siBima,
siBimb, siEgr-1a, or siEgr-1b, together with rat Flag—Egr-1 or rat Flag—Bim
plasmids, were transfected into HEK 293A cells for 24 h. Cell lysates were
harvested and subjected to Western blotting using a Flag antibody.

Immunofluorescence. CGNs were grown on coverslips and processed
according to the immunofluorescence protocol as described previously
(Yuan et al., 2009). CGNs were fixed using freshly prepared 4% parafor-
maldehyde, followed by permeabilization with 0.1% Triton X-100 in TBS
and blocking in 3% donkey serum. The cells on the coverslips were
incubated with the following primary antibodies: rabbit anti-FOXO1
(sc-11350; diluted 1:50) and rabbit anti-FOXO3a (sc-11351; diluted
1:100) (from Santa Cruz Biotechnology); rabbit anti-Bim monoclonal
antibody (catalog #2933; diluted 1:100), rabbit anti-Egr-1 monoclonal
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antibody (catalog #4154; diluted 1:500), and mouse anti-3-galactosidase
(B-Gal) monoclonal antibody (catalog #2372; diluted 1:100) (all from
CST). Rabbit primary antibodies were detected with an anti-rabbit sec-
ondary antibody conjugated to Alexa Fluor 555 (Invitrogen). Mouse
primary antibodies were detected using an anti-mouse secondary anti-
body conjugated to Alexa Fluor 488 (Invitrogen). Fluorescent staining
was visualized using the 40X (numerical aperture 1.3) oil-immersion
objective on a confocal microscope (LSM 710 Meta; Carl Zeiss). Images
were recorded with sequential acquisition settings at a resolution of
512 X 512 pixels and 12-bit depth. All samples were scanned using iden-
tical confocal settings. Images were processed using the LSM 710 soft-
ware (Carl Zeiss) and Photoshop CS2 (Adobe Systems). Cells were
counted in an unbiased manner (at least 300 transfected cells for each
group) and were scored blindly without previous knowledge of their
treatments.

Immunofluorescence analysis of Bim protein levels in transfected
CGNs required an immunofluorescence-grade anti-Bim antibody that
did not detect significant nonspecific bands on Western blots (Putcha et
al., 2002). Western blotting was used to test the specificities of four Bim
antibodies (CST catalog #2933; Santa Cruz Biotechnology sc-11425;
Stressgen AAP-330; and Millipore Bioscience Research Reagents
AB17003) (data not shown). Of the four antibodies, only one (catalog
#2933; designated CST anti-Bim antibody in this paper) specifically rec-
ognized Bim and was therefore chosen for the detection of Bim by im-
munofluorescence in CGNs. The effectiveness and specificity of the CST
anti-Bim antibody was further confirmed by examining Bim protein
levels after siRNA-mediated Bim knockdown, and this antibody was used
throughout the present study to detect Bim. In addition, all
immunofluorescence-grade antibodies used in this study were tested to
ensure that they did not detect significant nonspecific proteins on a
Western blot (data not shown).

Gel mobility shift assays. Nuclear extracts were prepared as described
previously (Li et al., 2001; Yuan et al., 2009). Consensus binding site
probes for Sp1 or Egr transcription factors were synthesized according to
TransCruz Gel Shift Oligonucleotides from Santa Cruz Biotechnology
(Sp1 probe, sc-2502; Egr probe, sc-2529). The Bim probes contained dual
putative Egr binding sites [GCGGGGGGCG from the Bim promoter
(nucleotides —56 to —47 relative to the transcription initiation site; for-
ward, 5'-GGATCCAGCGGGGGGCGAGCGGGGGGCGA-3'; reverse,
5'-TCGCCCCCCGCTCGCCCCCCGCTGGATCC-3'] as well as those
bearing mutated putative Egr sites (forward, 5'-GGATCCAACAA-
GAAACCAACAAGAAACCA-3'; reverse, 5'- TGGTTTCTTGTTGG-
TTTCTTGTTGGATCC-3'). Synthetic oligonucleotides were annealed
and labeled with [y-?*P]ATP (PerkinElmer Life and Analytical Sciences)
using T4 polynucleotide kinase (New England Biolabs). Binding reac-
tions were performed for 20 min at 24°C in binding buffer [0.5 mMm
dithiothreitol, 0.5 mm MgCl,, 0.5 mm ZnSO,, 0.5 mm EDTA, 50 mMm
NaCl, 4% glycerol, 50 ng/ml poly(dI-dC), and 10 mm Tris-HCI, pH 7.5]
with labeled oligomers (100,000 to 150,000 cpm) in a total volume of 20
wl. For supershift analysis, 2 ug of anti-Egr-1 (sc-189x) and anti-Sp1
antibodies (sc-59x) (both from Santa Cruz Biotechnology) or preim-
mune serum were added to nuclear extracts for 1 h at 4°C, followed by an
additional 20 min at 24°C in the presence of labeled probes. For drug
analysis, mithramycin A or chromomycin A3 were added to probes for 20
min at 24°C, followed by another 20 min at 24°C in the presence of
nuclear extracts. The protein-DNA complexes were analyzed on a 4%
nondenaturing polyacrylamide gel containing 3% glycerol and 0.25X
Tris-borate-EDTA at 4°C and exposed to photography.

Chromatin immunoprecipitation assays. Chromatin immunoprecipi-
tation (ChIP) assays were performed using the ChIP assay kit (Upstate
Cell Signaling Solutions) according to the instructions of the manufac-
turer and as described previously (Ma et al., 2007). Two micrograms of
Egr-1 antibody (sc-189x) were used for immunoprecipitation. Purified
DNA was subjected to PCR amplification using primers spanning the
Bim promoter Egr site (forward, 5'-ACCCTCCCCACTACCTG-3'; re-
verse, 5'-GTGACTGCAACGACAACG-3").

Survival assays. CGN apoptosis was quantified as described previously
(Ma et al., 2007). DIV6 CGNs were transfected with plasmids or siRNAs
using the calcium phosphate coprecipitation method in addition to pC-
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MV-GFP, which marks transfected cells. Twenty-four hours after trans-
fection, neurons were incubated in media containing 25K or 5K.
Neurons were stained with Hoechst 33258 (5 ug/ml) to visualize nuclear
morphology and propidium iodide (PI) (0.25 ug/ml) to detect mem-
brane damage. Apoptosis was quantified by scoring the number of PI-
positive cells and/or cells with pyknotic nuclei relative to the total
number of green fluorescent protein (GFP)-positive cells in the same
visual field. Cells were counted in an unbiased manner (at least 800
transfected cells for each group) and were scored blindly without previ-
ous knowledge of their treatment. The overall transfection efficiency
using the calcium phosphate method in CNG culture was ~ 1%.

Statistical analysis. All experiments were repeated at least three times
using independent culture preparations. All measurements were per-
formed blindly. The significance of difference between means was ana-
lyzed by the ANOVA and post hoc Bonferroni/Dunn tests (for multiple
comparisons) and by the Student’s # test (for single comparisons). The
results are represented as means = SEM. Statistical significance was de-
termined by a value of p < 0.05 for all analyses.

Results

Bim is critical for apoptosis induced by activity deprivation

in CGNs

To induce apoptosis by activity deprivation, DIV7 CGNs, cul-
tured in 25K plus serum, were transferred to 5K serum-free me-
dium (D’Mello et al., 1993). CGNs were also transferred to 25K
serum-free medium as a control. This model has been used by us
(Liu et al., 2009; Yuan et al., 2009) and others (Miller and John-
son, 1996; Watson et al., 1998; Morrison et al., 2006) to delineate
mechanisms of activity deprivation-induced neuronal apoptosis
(Contestabile, 2002).

In CGNs, increased Bim expression, in response to activity
deprivation, has been reported by others (Harris and Johnson,
2001; Putchaetal., 2001) and later by us (Shi et al., 2005; Ma et al.,
2007). In the current study, activity deprivation resulted in a
dramatic increase in birn mRNA and protein levels (Fig. 1A). To
confirm that the Bim gene is transcriptionally upregulated, CGNs
were transfected with a 5.2 kb Bim promoter (nucleotides —2545
to +2658) based luciferase reporter. This Bim—Luc reporter was
constructed and kindly provided by Dr. Ham’s group (Gilley et
al., 2003; Gilley and Ham, 2005) and has been used previously in
our laboratory (Shi et al., 2005). Culturing CGNs in 5K media led
to an approximately fourfold increment in Bim promoter activity
(Fig. 1 A, right), confirming that Bim is transcriptionally upregu-
lated by activity deprivation.

To determine the role of Bim in CGN apoptosis, two siRNAs
were designed to reduce rat Bim protein levels. These siRNAs
completely abolished the expression of a transfected rat Flag—Bim
construct in HEK 293 cells (Fig. 1B, left). In CGN cells, immu-
nofluorescence analysis using the CST anti-Bim antibody (cata-
log #2933; described in Materials and Methods) revealed a
significant increase in Bim protein levels after activity depriva-
tion, which was abolished by the two Bim siRNAs (Fig. 1 B, mid-
dle and right), demonstrating the efficacy of the siRNAs in CGNs.
In addition, there was a significant decrease in neuronal apo-
ptosis after the siRNA knockdown of Bim (Fig. 1C). These
results are consistent with previous studies (Harris and John-
son, 2001; Putcha et al., 2001; Shi et al., 2005) and confirmed
that Bim is induced by activity deprivation and is critical for
neuronal apoptosis.

c-Jun, FOXO1/3a, and B/C-Myb are not involved in the
regulation of Bim induction

We have reported previously that the JNK/c-Jun pathway is not
involved in the transcriptional upregulation of Bim during apo-
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Figure1. Bimisessential for activity deprivation-induced apoptosis in CGNs. A, Activity deprivation-induced Bim expression. DIV7 CGNs were incubated in 25K (control) or 5K media for the times
indicated. Cell lysates were subjected to Western blotting using Bim and 3-Tubulin antibodies (left). RT-PCR was performed using bim- and B-actin-specific primers (middle panel). DIV6 neurons
were transfected with 1 g of Bim—Luc for 12 h. After incubation in 25K or 5K media for 12 h, dual-luciferase reporter assays were performed. The levels of luciferase activity were normalized to
Renilla luciferase activity (right). B, The efficacy and specificity of Bim siRNAs. HEK 293 cells were transfected with Bim siRNAs, or negative control RNAs (NC), together with a rat Flag—Bim plasmid,
for 24 h. Cell lysates were harvested and subjected to Western blotting using a Flag antibody (left). DIV6 CGNs were transfected with Bim siRNAs, or NC, together with 3-Gal, for 24 h. Afterincubation
in 25K or 5K media for 6 h, neurons were stained for Bim (red) and 3-Gal (green) (middle). Scale bar, 10 um. The percentage of Bim-positive neurons was quantified (right). The percentage of
Bim-positive neurons represents the proportion of transfected cells (as identified by staining for 3-Gal) exhibiting higher levels of Bim staining compared with control cells in 25K media. C,
Knockdown of Bim suppresses CGN apoptosis. DIV6 CGNs were transfected with Bim siRNAs, or the NC, together with GFP for 24 h (left). After incubation in 25K or 5K media for 12 h, CGNs were double
stained with Hoechst 33258 and PI. Apoptosis was determined by the percentage of GFP-positive cells that were also Pl positive or had pyknotic nuclei (middle and right). Scale bar, 10 em. All data
in this figure represent the means == SEM of three independent experiments. *p << 0.05.

ptosis of CGNs (Shi et al., 2005; Ma et al., 2007), which is consis- signaling (Brunet et al., 1999; Tran et al., 2003). In this study,
tent with results from another study using the JNK inhibitor =~ there was no difference in the phosphorylation of FOXO1
SP600125 (Hongisto et al., 2008). To further demonstrate that ~ (Thr24), FOXO3a (Thr32), or its upstream kinase Akt (Ser473)
JNK does not regulate Bim transcriptionally, we showed that  in CGNss in either 25K or 5K media, although there was signifi-
SP600125 had no effect on the degree of Bim expression in 5K cant upregulation of bim mRNA and protein levels in 5K media
media (Fig. 2A), although it completely abrogated activity = compared with 25K media (Fig. 2 B). Although IGF-1 stimulated
deprivation-induced c-Jun phosphorylation, c-jun mRNA up-  the increased phosphorylation of FOXO1/3a and Akt (Fig. 2B)
regulation, and neuronal apoptosis (Fig. 2A), which is consistent ~ and sequestered FOXO1/3a in the cytoplasm (Fig. 2C) as re-
with previous reports by us (Xie et al., 2004; Shi et al., 2005) and ~ ported previously (Brunet etal., 1999; Tran et al., 2003), it did not
others (Cao et al., 2004; Xifré et al., 2006). Thus, these results  repress Bim induction, as determined by Western blotting and
clearly demonstrated that the JNK/c-Jun pathway is not involved =~ RT-PCR analysis (Fig. 2 B, left and middle). In agreement with
in Bim expression and that the inhibition of JNK may block neu-  previous studies by us (Li et al., 2000) and others (D’Mello et al.,
ronal apoptosis through mechanisms independent of Bim tran- 1993; Dudek et al., 1997), treatment with IGF-1 rescued CGNs

scription (see Discussion). from apoptosis in 5K media (Fig. 2B, right), suggesting that
The FOXO transcription factors FOXO1 and FOXO3a un-  IGF-1 may promote neuronal survival by a Bim transcription-
dergo nucleocytoplasmic shuttling and modulate neuronal apo-  independent mechanism (see Discussion). No nucleocytoplas-

ptosis after phosphorylation by Akt in response to IGF-1  mic shuttling of FOXO1/3a occurred in either the 25K or 5K
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medium (Fig. 2C), consistent with our re-
cent study, which showed that phosphati-
dylinositol 3-kinase (PI3K)/Akt signaling
remained constant in both 25K and 5K
media (Song et al.,, 2010). In addition, a
Bim-Luc reporter (dmFOXO), with two
mutated FOXO binding sites (Gilley et al.,
2003), remained fully responsive to activ-
ity deprivation (Fig. 2D), further con-
firming that FOXO1/3a does not regulate
the activity deprivation-mediated induc-
tion of Bim in CGNs.

It has been reported that B-Myb and
C-Myb are upregulated and are involved
in the control of Bim during the apoptosis
of sympathetic neurons and PC12 cells,
induced by NGF deprivation (Liu and
Greene, 2001; Biswas et al., 2005). Although
we confirmed that the B-Myb and C-Myb
antibodies (sc-13028 and sc-517, respective-
ly; Santa Cruz Biotechnology) were able to
recognize rat B-Myb and C-Myb overex-
pression in HEK 293 cells, no endogenous
B-Myb or C-Myb expression was detected
in CGNs (data not shown). To assess fur-
ther whether activity deprivation stimu-
lates Myb transactivation activity, two
widely used and well-recognized Myb-
responsive luciferase reporter plasmids, the
PMIM-1 reporter (Sala et al., 1999) and the
P6MBS reporter (Takahashi et al., 2000),
were used. Activity deprivation did not in-
duce luciferase activity from either pMIM-1
or p6MBS (Fig. 2 E). Moreover, the transfec-
tion of dnMyb construct, which inhibits
B/C-Myb-dependent gene expression (San-
tilli et al., 2005), failed to decrease Birm—Luc
activity in 5K media (Fig. 2 E). Furthermore,
eliminating two previously identified Myb
binding sites (Biswas et al., 2005) from the
Bim-Luc construct (AMyb, nucleotides
—187 to +2658) did not affect its response
to activity deprivation (Fig. 2E). In conclu-
sion, the data showed that the B/C-Myb
proteins are not induced by activity depriva-
tion and are not involved in the regulation
of Bim expression in response to activity de-
privation in CGNE.

Together, these results suggested that
activity deprivation in CGNs induces Bim
expression by a mechanism that does not
require c-Jun, FOXO1/3a, or B/C-Myb.

GC-rich elements in the Bim promoter
are responsible for Bim expression
The organization of the Bim promoter
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Figure2. c-Jun,FOX01/3a,and B/C-Mybare notinvolvedin the regulation of Bim induction. 4, DIV7 CGNs, maintained in media
containing 25K, 5K, or 5K plus 5 wum of the JNK inhibitor SP600125 (SP) for 4 h, were lysed and subjected to Western blotting with
the antibodies indicated (left). Total mRNA was extracted and subjected to RT-PCR with primers specific to bim, c-jun, and B-actin
(middle). Apoptosis assays of CGNs with the same treatments were performed and analyzed as described in Figure 1C (right). B,
DIV7 CGNs, maintained in media containing 25K, 5K, or 5K plus 100 ng/ml IGF-1 (IGF) for 4 h, were lysed and subjected to Western
blotting with the antibodies indicated (left). RT-PCR was performed as described in A (middle). Apoptosis of CGNs with the same
treatments was analyzed as described in Figure 1C (right). C, DIV7 CGNs, maintained in media containing 25K, 5K, or 5K plus 100
ng/ml IGF-1 (IGF) for 4 h, were stained for FOX01, FOX03a, and Hoechst 33258 and were analyzed by fluorescence microscopy.
Representative images are shown on the left, and the results are quantified on the right. Scale bar, 10 um. D, DIV6 CGNs were
transfected with 1 g of wild-type Bim—Luc (WT) or 1 g of mutated Bim—Luc (dmFOX0), carrying two mutated FOXO binding
sites on the Bim promoter. After incubation in 25K or 5K media for 12 h, dual-luciferase reporter assays were performed as
described in Figure 1A. E, DIV6 CGNs were transfected with 1 g of pMIM-1, p6MBS, or control vector for 12 h (two panels on the
left); DIV6 CGNs were transfected with 1 g of Bim—Luc (WT) together with dnMyb, or control vector for 24 h, or T g of truncated
Bim (AMyb, nucleotides — 187 to +2658)—Luc whose B/C-Myb binding sites were deleted, for 12 h (two panels on the right).
After incubation in 25K or 5K media for 12 h, dual-luciferase reporter assays were performed. All data in this figure represent the
means == SEM of three independent experiments. *p < 0.05.

was analyzed to search for other transcription factors that may  are involved in Bim induction, two inhibitors, mithramycin A
mediate Bim expression during apoptosis. A previous report re-  and chromomycin A3, which repress transcription by selectively
vealed that the Bim promoter immediately upstream of exon 1is  displacing GC-rich DNA binding transcription factors, such as
very GC rich and contains multiple putative Sp1 recognition sites ~ Sp1 and Egr-1 (Ray et al., 1989; Chiang et al., 1996; Lomb¢ et al.,
(Bouillet et al., 2001). This was confirmed by our own analysis,  2006), were used. Both inhibitors significantly attenuated the ac-
which revealed several putative Spl and Egr-1 recognition sites  tivity deprivation-induced increase in the Bim—Luc reporter ac-
within the GC-rich region. To test whether the GC-rich elements  tivity in a dose-dependent manner (Fig. 3A). Consistent with this



Xie et al. @ Egr-1 Targets Bim to Promote Apoptosis

J. Neurosci., March 30, 2011 - 31(13):5032-5044 + 5037

A B 25K ik
Bim-Luc MMA(uM)  ChrA3(nM)
5 B 05 1 25 100
125K . .
z 4} I 5K Bim 1 f Gl a9 e -
=
s 3} Tubulin < o . & 5 g
(0]
o *
5 1_
-
A o
0
0.5 1 25 100
control
MMA(uM) ChrA3(nM)
C Sp1 probe Egr probe
25K 2K+ — — — — — = 2K+ — — — — — —
5K — + + + + + + 5K — + + + + + +
control Anti-Sp1 — — + — — — —= Anti-Egr-1 — — + — — — -—
MMAM) — — — 05 1 — — MMAM) — — — 05 1 — —
ChrA3(nM) — — — — — 25100 ChrA3(nM) — — — — — 25100
—— N . —
MMA Q* a*
=1 "I bd 1|
ChrA3 " Egr-1 h b b
60 125K
50} Il 5K
& 40}
R}
38 30t
Q.
<,(‘-3_20-
*
10} ;
Free Free
control MMA ChrA3 probe probe

Figure 3.

The GC-rich elements in the Bim promoter are responsible for Bim expression. 4, DIV6 neurons were transfected with 1 g of Bim—Luc for 12 h. After incubation in 25K and 5K media,

or 25K and 5K media plus either mithramycin A (MMA) or chromomycin A3 (ChrA3) for 12 h, dual-luciferase reporter assays were performed. Data represent the means = SEM of three independent
experiments. *p << 0.05. B, DIV7 CGNSs, cultured in 25K and 5K media, or 5K media with MMA or ChrA3 for 4 h, were lysed and subjected to Western blotting with the antibodies indicated (top). Total
mRNA was extracted and subjected to RT-PCR with primers specific to bim and B-actin (bottom). C, DIV7 CGNs were transferred to 25K or 5K media in the absence or presence of 1 um MMA or 100
nu ChrA3. Twelve hours later, neurons were stained with Hoechst 33258. Representative imagines are shown (top). Neuronal apoptosis was quantified by scoring the percentage of total neurons
with condensed or fragmented nuclei (bottom). Scale bar, 10 um. Data represent the means = SEM of three independent experiments. *p << 0.05. D, Gel mobility shift assays using *2P-labeled
consensus binding site probes for Sp1 or Egr transcription factors with nuclear extracts prepared from DIV7 CGNs maintained in media containing 25 or 5 mm KCl for 2 h. Sp1 or Egr-1 antibodies were
preincubated with nuclear extracts to allow formation of the DNA—protein complexes. MMA or ChrA3 were added to probes before incubationin the presence of nuclear extracts. *, band supershifted

by Sp1 or Egr-1 antibody. The results are representative of three separate experiments.

result, both inhibitors also reduced the activity deprivation-
induced increase in bim mRNA and protein levels in a dose-
dependent manner (Fig. 3B), suggesting that GC-rich DNA
sequences are involved in modulating the transcription of Bim
during apoptosis. Furthermore, mithramycin A and chromomy-
cin A3 produced a dramatic decrease in CGN apoptosis in 5K
media (Fig. 3C), in agreement with previous studies, which
showed that mithramycin A prevents CGN activity deprivation-
induced apoptosis (Ferrante et al., 2004).

Although it is well documented that mithramycin A and chro-
momycin A3 repress transcription by displacing DNA-bound

Sp1 (Ray etal., 1989; Chiang et al., 1996; Lomb¢ et al., 2006), it is
unclear whether they inhibit Egr-1 binding to DNA. To address
this issue, gel mobility shift assays were performed using **P-
labeled consensus binding site probes for Sp1 or Egr transcription
factors with nuclear extracts prepared from CGNs. Adding
either an Spl or Egr-1 antibody to the cell extracts led to a
marked supershifting of the bands and concomitant reduc-
tions in the original DNA—protein complex. In contrast, the
addition of mithramycin A or chromomycin A3 disrupted the
formation of specific DNA—protein complexes (Fig. 3D), re-
flecting the inhibition of both Sp1 and Egr-1 binding to their
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respective consensus sites. Together, the data suggest that ac-
tivation of the GC-rich sequences in the Bim promoter is re-
sponsible for Bim expression.

Egr-1 mediates activity deprivation-induced

neuronal apoptosis

It has been reported that Egr-1 is upregulated and plays a critical
role in activity deprivation-induced CGN apoptosis, whereas Sp1
has no proapoptotic effects (Catania et al., 1999; Levkovitz and
Baraban, 2001; Ryu et al., 2003). Consistent with these studies,
Sp1 protein levels remained constant during activity deprivation,
whereas Egr-1 levels increased within 1 h and continued increas-
ing for up to 4 h (Fig. 4A). Furthermore, activity deprivation
caused only a modest increase in activity from an Sp1-regulated
reporter, pEBS6* (Al-Sarraj et al., 2005), which was overcome by
a dnSp1 mutant that does not affect Egr activity (Petersohn and
Thiel, 1996). In contrast, there was a robust response from the
Egr-regulated pEBS1* reporter (Thiel et al., 1994), and this was
repressed by the dnEgr mutant, which contains only the zinc
finger DNA-binding domain (amino acids 322 to 427) (Fig. 4B)
(Levkovitz and Baraban, 2001).

Next, the roles of Spl and Egr-1 in neuronal apoptosis were
assessed. dnEgr, but not dnSp1, significantly attenuated apopto-
sis, whereas wild-type Egr-1 enhanced apoptosis in both 25K and
5K media (Fig. 4C,D). To identify the specific effect of Egr-1 in
apoptosis, siRNAs that target rat Egr-1 were developed and their
efficacy verified by their ability to reduce the expression of rat
Flag—Egr-1 in HEK 293 cells (Fig. 4 E, left). Immunofluorescence
analysis revealed that Egr-1 siRNAs abolished the activity
deprivation-induced upregulation of Egr-1 (Fig. 4 E, middle and
right) and reduced the induction of pEBS1 * reporter activity (Fig.
4F), demonstrating the efficacy of the Egr-1 siRNAs in CGNs.
Furthermore, Egr-1 knockdowns dramatically counteracted
apoptosis induced by 5K media treatment (Fig. 4G). Egr-1
expression and activity are thus required in activity
deprivation-induced CGN apoptosis.

Egr-1 is necessary and sufficient for Bim induction

The fact that, after activity deprivation, the elevation and activa-
tion of Egr-1 precedes Bim induction raises the issue as to
whether Egr-1 modulates Bim expression during neuronal apo-
ptosis. To determine whether Spl or Egr-1 is involved in Bim
regulation, CGNs were transfected with dnSp1 or dnEgr. Almost
75% of induced Bim expression was effectively blocked by dnEgr
but not by dnSp1 (Fig. 5A), demonstrating that Egr-1 but not Sp1
is involved in Bim regulation. In support of this result, siRNA-
mediated knockdown of Sp1 did not affect the induction of Bim
in CGNs (data not shown). Furthermore, siRNAs specifically tar-
geted against Egr-1 also significantly suppressed Bim expression
(Fig. 5B). To examine whether Egr-1 transcriptionally regulates
Bim, the Bim—Luc assay, in conjunction with the manipulation of
Egr-1 protein and activity, was performed in neurons. The results
demonstrated that the increment in Bim—Luc activity was sub-
stantially diminished by dnEgr and by Egr-1 siRNAs (Fig. 5C).
Therefore, Egr-1 is essential for the transcriptional induction of
Bim during CGN apoptosis.

To determine whether Egr-1 is sufficient to upregulate Bim
expression, the effect of wild-type Egr-1 on the transcription and
expression levels of Bim was examined. Transfection of CGNs
with wild-type Egr-1 significantly increased Bim expression and
Bim—Luc activity (Fig. 5D). Thus, Egr-1 is necessary and suffi-
cient for Bim induction.

Xie et al. o Egr-1 Targets Bim to Promote Apoptosis

A putative Egr binding site is required for activation of

Bim promoter

To determine whether transcriptional regulation of the Bim gene
is regulated directly by Egr-1, the core sequences and putative
transcription factor binding sites responsible for Bim promoter
activation were identified. A series of reporter constructs con-
taining deletions of the Bim 5'-flanking region cloned upstream
of the firefly luciferase gene were generated. All of the deletion
Bim promoter constructs tested had a common 3’ end. The con-
structs were transfected into CGNs, and firefly luciferase activity
was monitored after activity deprivation. One of the deletion
constructs (nucleotides —90 to +2658) showed the same activity
as the original construct (nucleotides —2545 to +2658) in 5K
media, whereas another deletion construct (nucleotides +36 to
+2658) almost completely abolished the promoter activity (Fig.
6A). Thus, the principal Bim transcriptional control element was
narrowed down to a region spanning nucleotides —90 to +36,
which encompasses the transcription start site.

Promoter analysis for transcription factor binding sites using
PromoterInspector software (Genomatix Software GmbH) iden-
tified a potential Egr binding site between nucleotides —56 to
—47 in the core region of the Bim promoter. This putative Egr site
is highly conserved between human (GCGGGGGCG, nucleo-
tides —121 to —113), rat (GCGGGGGGCG, —56 to —47), and
mouse (ACGGGGGCG, —26 to —18) Bim genes, with only one
to two mismatches. To evaluate the role of this putative Egr site in
Bim promoter activation, mutations (GCGGGGGGCG to
ACAAGAAACC) of the putative Egr site were designed according
to a method described previously (Tremblay and Drouin, 1999)
and introduced into the Bim—Luc construct. These mutations
clearly disrupted activation of the Bim promoter in response to
activity deprivation (Fig. 6 B), confirming that nucleotides —56
to —47 of the putative Egr-1 binding site are crucial for Bim
promoter activation.

Egr-1 binds directly to the Egr site in the Bim promoter

To determine whether Egr-1 regulates the transcription of Bim
directly by binding to the putative Egr site at nucleotides —56 to
—47 of the Bim promoter, gel mobility shift assays were per-
formed using an end-labeled oligonucleotide containing either a
wild-type or mutated putative Egr site (designated WT and Mut,
respectively). A prominent DNA—protein complex was detected
in nuclear extracts from CGNs deprived of potassium (5K) but
not in extracts from CGNs maintained in 25K media (Fig. 74,
left, lanes 1 and 2). Furthermore, a strong supershifted band was
generated by the addition of an Egr-1 antibody to the binding
reactions with a concomitant reduction of the DNA—protein
complex. No supershift was observed after the addition of non-
immune IgG (Fig. 7A, left, lanes 3 and 4). The major DNA-
protein complex completely disappeared when the mutated Egr
site probe was tested (Fig. 74, left, lanes 5 and 6), suggesting that
the complex formed was Egr-1 specific. These results demon-
strated that Egr-1 binds directly to the Egr site identified in the
Bim promoter and that Egr-1 is induced after activity deprivation
in CGNs.

Because mithramycin A and chromomycin A3 have been
shown to prevent Egr-1 binding to GC-rich sequences, gel mo-
bility shift assays were performed to examine whether the drugs
interfered with Egr-1 binding to the Bimn probe in nuclear extracts
from CGNs. Both inhibitors blocked the activity deprivation-
induced enhancement of the specific Bim-probe/Egr-1 complex
in a dose-dependent manner (Fig. 7A, right). These results also
indicated that mithramycin A and chromomycin A3 prevented
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Figure4. Egr-1 mediates activity deprivation-induced neuronal apoptosis. A, DIV7 CGNs were incubated in 25K or 5K media for the times indicated and subjected to Western blotting with the
antibodies indicated. B, Activity deprivation triggers Eqr and Sp1 transcriptional activities. DIV6 CGNs were transfected with 1 g of pEBS6*, together with dnSp1 or control vector, for 24 h (left).
Afterincubation in 25K or 5K media for 12 h, dual-luciferase reporter assays were performed. The same assay was conducted using pEBS1* together with dnEqr (right). €, The Eqr family, rather than
Sp1, contributes to apoptosis. DIV6 CGNs were transfected with dnSp1 (left), dnEgr (right), or their control vectors, together with GFP, and apoptosis was quantified as described in Materials and
Methods. D, Overexpression of Egr-1 promotes CGN apoptosis. DIV6 CGNs were transfected with Egr-1 or control vector, together with GFP, and the level of apoptosis was quantified. £, The efficacy
and specificity of Egr-1 siRNAs. HEK 293 cells were transfected with Egr-7 siRNAs, or the negative control RNAs (NC), together with rat Flag—Egr-7 for 24 h and were subjected to Western blotting
using a Flag antibody (left). DIV6 CGNs were transfected with £gr-1siRNAs, or the NC, together with 3-Gal for 24 h, and then incubated in 25K or 5K media for 2 h. Next, neurons were stained for Egr-1
(red) and 3-Gal (green) (middle). Scale bar, 10 m. The percentage of Egr-1-positive neurons was quantified as described in Figure 1C (right). F, CGNs were transfected with pEBST*, together with
Egr-1siRNAs, or the NC, and dual-luciferase reporter assays were performed. G, DIV6 CGNs were transfected with £gr-7siRNAs, or the NC, together with GFP, and the level of apoptosis was quantified.
All data in this figure represent the means == SEM of three independent experiments. *p << 0.05.

the interaction of Egr-1 with the Egr binding site in the Bim  for 2 h. Chromatin was sonicated into 0.5 kb fragments (Fig. 7B,
promoter during neuronal apoptosis. left) and precipitated with a rabbit Egr-1 antibody or normal

To confirm that Egr-1 and the Bim promoter interact in vivo,  rabbit IgG as a control. Precipitated immunocomplexes were an-
a ChIP assay was used with CGNs treated with 25K or 5K media  alyzed by Western blotting with an Egr-1 antibody. Egr-1 protein,
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Bim acts downstream to mediate the
proapoptotic effect of Egr-1

Based on the obvious importance of Egr-1
and Bim in CGN apoptosis and on the
direct regulation of Bim by Egr-1, we hy-
pothesized that Bim might mediate the
proapoptotic effects of Egr-1. Manipula-
tions of Egr-1 and Bim, using knockdown D
or overexpression approaches, were com-
bined to investigate their functional rela-
tionship. The two Egr-1 siRNAs, known to
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abolish Egr-1 protein levels in CGNs (Fig.
4E), significantly blocked CGN apoptosis
in 5K media (Fig. 8A). In contrast, over-
expression of wild-type Bim, combined
with transfection of either of the two Egr-1
siRNAs, removed the protection conferred by
suppressing Egr-1 (Fig. 8 A). Overexpres-
sion of wild-type Egr-1 enhanced apoptosis,
whereas the knockdown of endogenous
Bim, by either of the two siRNAs, mark-
edly reduced the level of neuronal death
elicited by Egr-1 (Fig. 8 B). These findings
demonstrated that Bim lies downstream
of the Egr-1-dependent proapoptotic sig-
naling cascade.
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Egr-1is necessary and sufficient for Bim induction. A, Egr, but not Sp1, is necessary for increased Bim expression. DIV6
(GNs transfected with dnSp1, dnEgr, or control vectors, together with 3-Gal as a marker for 24 h (left). After incubation in 25K or
5K media for 6 h, neurons were stained for Bim (red) and 3-Gal (green). Scale bar, 10 sum. The percentages of Bim-positive neurons
under the treatments indicated were quantified (right). B, DIV6 CGNs were transfected with Egr-7 siRNAs or the negative control
RNAs (NC), together with 3-Gal and quantified as described in A. €, DIV6 CGNs were transfected with 1 g of Bim—Luc together
with dnEgr or the control vector (left), or 1 wg of Bim—Luc together with the £gr-7siRNAs or the NC (right) for 24 h. Afterincubation

in 25K or 5K media for 12 h, dual-luciferase reporter assays were performed. D, DIV6 CGNs were transfected with wild-type Egr-1

Discussion

This study has identified Bim as a bona fide
target gene of Egr-1 in CGNs. Our find-
ings suggest that Egr-1, rather than c-Jun,
FOXO1/3a, or B/C-Myb transcription factors, directly induces
Bim transcription to promote CGN apoptosis.

The JNK/c-Jun pathway is thought to modulate Bim expression
in CGNss (Harris and Johnson, 2001; Putcha et al., 2001). However,
we and others have reported that two JNK pathway inhibitors
(SP600125 and CEP-11004) and a dominant-negative c-Jun mutant
did not affect Bim induction (Shi et al., 2005; Ma et al., 2007; Hon-
gisto etal., 2008). Furthermore, although a c-Jun-regulated AP-1 site

or the control vector, together with 3-Gal (left), or with wild-type Egr-1 or the control vector, together with 1 g of Bim—Luc
(right). Representative immunofluorescence images, quantification, and dual-luciferase reporter assays were performed as de-
scribed above. The data represent the means == SEM of three experiments. *p << 0.05.

(TGACTCA) at nucleotides —2447 to —2441 of the Bim promoter
has been reported (Biswas et al., 2007a), our recent study showed
that, in activity deprivation-induced CGN apoptosis, c-Jun predom-
inantly heterodimerizes with ATF2, favoring an ATF site (TG/
TACNTCA) rather than the AP-1 site, which was not activated by
activity deprivation (Yuan et al., 2009).

In CGNs, the phosphorylation and nuclear sequestration of
FOXO1 or FOXO3a has been shown to result in Bim expression
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12 h. After incubation in 25K or 5K media for 12 h, dual-luciferase reporter assays were per-
formed. B, The wild-type putative Egr site, GCGGGGGGCG (WT), was mutated to ACAAGAAACC
(mEgr), as represented by a cross. DIV6 neurons were transfected with 1 g of Bim—Luc con-
taining the WT or mEgr sites. The reporter assays were performed as described in A. The data
represent the means = SEM of three experiments. *p << 0.05.

(Linseman et al., 2002; Yuan et al., 2008). However, as demon-
strated in the present study and our recent report (Song et al.,
2010), activity deprivation did not affect the phosphorylation and
nucleocytoplasmic shuttling of FOXO1/3a. Furthermore, muta-
tions of two FOXO binding sites in the Bim promoter failed to
affect promoter activity, suggesting that FOXO1 and FOXO3a do
not participate in the regulation of Bim, at least in our model;
however, the use of different culture conditions may explain the
discrepancy. Whereas Yuan et al. (2008) treated CGNs with
serum-containing media, in our laboratory, activity deprivation
was done in the absence of serum to eliminate the influence of
potential survival-promoting factors in serum (Miller and John-
son, 1996).

In contrast to a previous report that Bim expression was
blocked by IGF-1 in a PI3K/Akt-dependent manner (Linseman et
al., 2002), in this study, IGF-1 did not reduce Bim expression.
One possible explanation for this difference is that, in determin-
ing whether IGF-1 signaling regulates Bim, the protein band
identified by Linseman et al. was not, in fact, Bim. The authors
believed that their antibody detected only Bim$ (~ 15 kDa); how-
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Figure7.  Egr-1binds directly to the Egrsite on the Bim promoter. A, Gel mobility shift assay using
32p-labeled oligonucleotides corresponding to the wild-type (WT) and mutant Eqr site (Mut) se-
quence of the Bim promoter with nuclear extracts prepared from DIV7 CGNs maintained in media
containing 25 or 5 mum KCl for 2 h. Egr-1 antibodies were preincubated with nuclear extracts to allow
formation of the DNA—protein complex, and normal IgG was used as a control (left). For DNA-binding
drug treatment, oligonucleotides were first preincubated with the indicated concentrations of mith-
ramycin A (MMA) and chromomycin A3 (ChrA3) and subsequently used in gel mobility shift assays
with CGN nuclear extracts (right). *, band supershifted by the Egr-1antibody. B, Cell lysates from DIV7
(GNs, maintained in 25K or 5K media for 2 h, were subjected to ChIP analysis using the Egr-1 antibody.
Chromatin was sonicated into 0.5 kb fragments (left). Western blot analysis with the Egr-1 antibody
demonstrates the immunoprecipitation (IP) specificity and efficiency (middle). DNA isolated and pu-
rified from immunoprecipitated material was amplified by PCR with primers designed to cover a 256
bp fragment of the Bim promoter spanning the Egr site. The amplified PCR fragments were analyzed
ona2% agarose gel (right). Equal amounts of total genomic DNA (Input) were used for the immuno-
precipitations in each of the conditions (right). Results are representative of three separate
experiments.
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Figure 8.  Bim acts downstream to mediate the proapoptotic effect of Egr-1. A, DIV6 (GNs were

cotransfected with or without Bim or the negative control siRNAs (NC) and the £gr-1 siRNAs, as indi-
cated, for 24 h. Then CGNs were transferred to 25K or 5K media for 12 h, and the level of apoptosis was
quantified. B, DIV5 CGNs were cotransfected with or without £gr-7 or NC and the Bim siRNAs, as
indicated on the graph, for 24 h. Then CGNs were switched to 25K or 5K media for 12 h, and the level of
apoptosis was quantified. The data represent the means == SEM of three experiments. *p << 0.05.

ever, the three alternatively spliced variants of Bim (BimEL, 23
kDa; BimL, 18 kDa; and BimS, 15 kDa) all contain the BimS
coding region (O’Connor et al., 1998). Thus, a BimS antibody
should also recognize BimEL and BimL. In a subsequent study by
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the same group (Butts et al., 2005), another Bim variant (BimEL,
~23 kDa) was detected in the same CGN cell line; however, stud-
ies by Johnson et al. (Harris and Johnson, 2001; Putcha et al.,
2001) and our group (Shi et al., 2005) have consistently shown
that CGNs primarily express BimEL and only extremely low lev-
els of BimS. To address this inconsistency, we investigated the
specificity of the anti-Bim antibody (Linseman et al., 2002) and
found that it did not recognize any of the Bim variants in CGN
cells, thus casting doubt on Bim regulation by IGF-1 and
FOXO3a in CGN:ss. In this study, the Bim expression described is
BimEL (~23 kDa), and a pretested CST anti-Bim antibody was
used to demonstrate that inhibition of FOXO1/3a did not regu-
late Bim expression in CGNs.

Although the transcriptional upregulation of Bim is indepen-
dent of the JNK/c-Jun and PI3K/Akt/FOXO1/3a pathways, the
inhibition of JNK by SP600125 or the activation of PI3K/Akt
signaling by IGF-1 may prevent apoptosis through alternative
mechanisms, for example, the posttranslational modification
and inactivation of some components of the cell death machinery
and the decreased transcription of pro-apoptosis genes. Inhibit-
ing the JNK pathway may suppress the proapoptotic activity of
Bim by reducing the JNK-mediated phosphorylation of Bim at
Ser65 or Thr112 (Putcha et al., 2003; Becker et al., 2004; Hiibner
etal., 2008), or it may block the c-Jun-dependent upregulation of
Dp5, another proapoptotic BH3-only protein (Ma et al., 2007;
Towers et al., 2009). IGF-1 may increase the Akt-mediated phos-
phorylation of Bim at Ser87 to reduce its proapoptotic potency
(Qietal.,2006), or it may inactivate caspase 9 downstream of Bim
(Cardone et al., 1998). Many other Akt substrates, including Bad,
IKK, and GSK-3, may also mediate the prosurvival effects of
IGF-1 (Dattaetal., 1999). These observations suggest that activity
deprivation-induced neuronal apoptosis is a coordinated process
that requires the cooperation of multiple proapoptotic mecha-
nisms with the Egr-1/Bim pathway.

In the NGF withdrawal-induced apoptosis of sympathetic
neurons or PC12 cells, Bim has been identified as a target of the
Cdk4-E2F-B/C-Myb pathway (Biswas et al., 2005). It is possible
that B/C-Myb regulate Bim in sympathetic neurons but not in
CGNs; however, we found that the cyclin-dependent kinase
(Cdk) inhibitors, roscovitine and olomoucine, reduced the ele-
vated transcription of Bim (data not shown) in CGNs, consistent
with previous studies in which Cdk1 or Cdk4 were identified as
regulators of Bim (Biswas et al., 2005; Yuan et al., 2008). An
interesting question here is whether any of the Cdk proteins reg-
ulate Egr-1 transcription level during apoptosis. This issue is cur-
rently under investigation in our laboratory.

Although previous studies have attributed the biological ef-
fects of GC-rich DNA binding drugs, such as mithramycin A and
chromomycin A3, mainly to the inhibition of the Sp1 family from
binding to DNA, our study revealed that these drugs also inhibit
Egr-1 binding to DNA. This result highlights the necessity of
treating such drugs with caution, because their ability to suppress
other transcription factors beside the Sp1 proteins, for example,
the Egr family, should also be considered. Their neuroprotective
abilities have been demonstrated in the apoptosis of CGNs in-
duced by activity deprivation (Ferrante et al., 2004), in oxidative
stress-induced cortical neuron death (Chatterjee et al., 2001), and
in dopaminergic neurotoxicity (Hagiwara et al., 2009). However,
the neuroprotective mechanism remains unclear. In this study,
mithramycin A or chromomycin A3 repressed Bim transcrip-
tional upregulation and neuronal apoptosis by blocking Egr-1
binding to the Bim promoter. This not only supported the likeli-
hood of Egr-1-mediated regulation of Bim in neuronal apoptosis
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but also suggested the proapoptotic Egr-1/Bim pathway as the
means by which the GC-rich DNA binding drugs provide neuro-
protection. Mithramycin A has been clinically approved by the
U.S. Food and Drug Administration and has been demonstrated
to improve motor symptoms and prolong life in a mouse model
of Huntington’s disease (Ferrante et al., 2004); therefore, addi-
tional exploration of its neuroprotective mechanism in disease
models should help to make it a promising drug for the treatment
of many neurological diseases.

Bim appears to play an important role in many neurological
diseases characterized by deregulated neuronal death. The induc-
tion of Bim has been observed in neuronal apoptosis induced by
the Alzheimer’s disease-associated amyloid- 3 peptide (Biswas et
al., 2007Db), in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model and cellular model of Parkinson’s disease
(Liou etal., 2005; Perier et al., 2007), and in focal ischemia models
(Okuno et al., 2004; Gao et al., 2005). Intriguingly, amyloid-8
peptide resulted in enhanced DNA binding activity of Egr-1 (Giri
etal., 2003), and the upregulation of Egr-1 has also been found in
mouse brain after MPTP treatment (Smith et al., 1997) or tran-
sient focal ischemia (Tureyen et al., 2008). Thus, it will be inter-
esting to examine whether Egr-1 transactivates Bim to promote
neuronal death in the animal models of many neurological dis-
eases such as Alzheimer’s disease, Parkinson’s disease, and stroke.

The present study has demonstrated that Egr-1 directly trans-
activates Bim gene expression to promote neuronal apoptosis.
First, we have shown that the suppression of Egr-1 activity or the
knockdown of Egr-1 blocked Bim induction, whereas the over-
expression of Egr-1 elevated Bim transcription. Second, Egr-1
bound directly to an Egr-1-recognition site at nucleotides —56 to
—47 of the Bim promoter in vitro and in vivo, which was further
supported by a recent report of Egr-1-mediated upregulation of
Bim in human cancer cells (Yamaguchi et al., 2010). Third, the
prevention of Egr-1 binding to the Bim promoter by GC-rich
DNA binding inhibitors decreased Bim induction and neuronal
apoptosis. Finally, experiments using siRNA-mediated knock-
down combined with overexpression analysis suggested that
Egr-1 acts upstream of Bim to promote apoptosis. Together, our
findings demonstrate that the Egr-1/Bim pathway acts as a gen-
eral signaling mechanism in neuronal cell death.

References

Al-Sarraj A, Day RM, Thiel G (2005) Specificity of transcriptional regula-
tion by the zinc finger transcription factors Spl, Sp3, and Egr-1. J Cell
Biochem 94:153-167.

Becker EB, Howell J, Kodama Y, Barker PA, Bonni A (2004) Characteriza-
tion of the c-Jun N-terminal kinase-BimEL signaling pathway in neuronal
apoptosis. ] Neurosci 24:8762—-8770.

Biswas SC, Liu DX, Greene LA (2005) Bim is a direct target of a neuronal
E2F-dependent apoptotic pathway. ] Neurosci 25:8349—8358.

Biswas SC, Shi Y, Sproul A, Greene LA (2007a) Pro-apoptotic Bim induc-
tion in response to nerve growth factor deprivation requires simultaneous
activation of three different death signaling pathways. J Biol Chem
282:29368-29374.

Biswas SC, ShiY, Vonsattel JP, Leung CL, Troy CM, Greene LA (2007b) Bim
is elevated in Alzheimer’s disease neurons and is required for beta-
amyloid-induced neuronal apoptosis. ] Neurosci 27:893-900.

Bouillet P, Zhang LC, Huang DC, Webb GC, Bottema CD, Shore P, Eyre H]J,
Sutherland GR, Adams JM (2001) Gene structure alternative splicing,
and chromosomal localization of pro-apoptotic Bcl-2 relative Bim.
Mamm Genome 12:163-168.

Brunet A, Bonni A, Zigmond M]J, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden
KC, Blenis J, Greenberg ME (1999) Akt promotes cell survival by phos-
phorylating and inhibiting a Forkhead transcription factor. Cell
96:857—868.

Butts BD, Hudson HR, Linseman DA, Le SS, Ryan KR, Bouchard RJ,



Xie etal. @ Egr-1 Targets Bim to Promote Apoptosis

Heidenreich KA (2005) Proteasome inhibition elicits a biphasic ef-
fect on neuronal apoptosis via differential regulation of pro-survival and
pro-apoptotic transcription factors. Mol Cell Neurosci 30:279-289.

Cao J, Semenova MM, Solovyan VT, Han J, Coffey ET, Courtney MJ (2004)
Distinct requirements for p38alpha and c-Jun N-terminal kinase stress-
activated protein kinases in different forms of apoptotic neuronal death.
] Biol Chem 279:35903-35913.

Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E,
Frisch S, Reed JC (1998) Regulation of cell death protease caspase-9 by
phosphorylation. Science 282:1318-1321.

Catania MV, Copani A, Calogero A, Ragonese GI, Condorelli DF, Nico-
letti F (1999) An enhanced expression of the immediate early gene,
Egr-1, is associated with neuronal apoptosis in culture. Neuroscience
91:1529-1538.

Chatterjee S, Zaman K, Ryu H, Conforto A, Ratan RR (2001) Sequence-
selective DNA binding drugs mithramycin A and chromomycin A3 are
potent inhibitors of neuronal apoptosis induced by oxidative stress and
DNA damage in cortical neurons. Ann Neurol 49:345-354.

Chen L, Wang S, Zhou Y, Wu X, Entin I, Epstein J, Yaccoby S, Xiong W,
Barlogie B, Shaughnessy JD Jr, Zhan F (2010) Identification of early
growth response protein 1 (EGR-1) as a novel target for JUN-induced
apoptosis in multiple myeloma. Blood 115:61-70.

Chiang SY, Welch JJ, Rauscher FJ 3rd, Beerman TA (1996) Effect of DNA-
binding drugs on early growth response factor-1 and TATA box-binding
protein complex formation with the herpes simplex virus latency pro-
moter. ] Biol Chem 271:23999 -24004.

Contestabile A (2002) Cerebellar granule cells as a model to study mecha-
nisms of neuronal apoptosis or survival in vivo and in vitro. Cerebellum
1:41-55.

Coultas L, Terzano S, Thomas T, Voss A, Reid K, Stanley EG, Scott CL,
Bouillet P, Bartlett P, Ham J, Adams JM, Strasser A (2007) Hrk/DP5
contributes to the apoptosis of select neuronal populations but is dispens-
able for haematopoietic cell apoptosis. J Cell Sci 120:2044-2052.

Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a play in three
Akts. Genes Dev 13:2905-2927.

Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer PJ (2000)
Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by
the forkhead transcription factor FKRHR-L1. Curr Biol 10:1201-1204.

D’Mello SR, Galli C, Ciotti T, Calissano P (1993) Induction of apoptosis in
cerebellar granule neurons by low potassium: inhibition of death by
insulin-like growth factor I and cAMP. Proc Natl Acad Sci USA
90:10989-10993.

Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, Cooper GM, Segal RA,
Kaplan DR, Greenberg ME (1997) Regulation of neuronal survival by
the serine-threonine protein kinase Akt. Science 275:661-665.

Ferrante RJ, Ryu H, Kubilus JK, D’Mello S, Sugars KL, Lee J, Lu P, Smith K,
Browne S, Beal MF, Kristal BS, Stavrovskaya IG, Hewett S, Rubinsztein
DC, Langley B, Ratan RR (2004) Chemotherapy for the brain: the anti-
tumor antibiotic mithramycin prolongs survival in a mouse model of
Huntington’s disease. ] Neurosci 24:10335-10342.

Gao Y, Signore AP, Yin W, Cao G, Yin XM, Sun F, Luo Y, Graham SH, Chen
J (2005) Neuroprotection against focal ischemic brain injury by inhibi-
tion of c-Jun N-terminal kinase and attenuation of the mitochondrial
apoptosis-signaling pathway. J Cereb Blood Flow Metab 25:694-712.

Gilley J, Ham J (2005) Evidence for increased complexity in the regulation
of Bim expression in sympathetic neurons: involvement of novel tran-
scriptional and translational mechanisms. DNA Cell Biol 24:563-573.

Gilley ], Coffer PJ, Ham J (2003) FOXO transcription factors directly acti-
vate bim gene expression and promote apoptosis in sympathetic neurons.
J Cell Biol 162:613-622.

Giri RK, Selvaraj SK, Kalra VK (2003) Amyloid peptide-induced cytokine
and chemokine expression in THP-1 monocytes is blocked by small in-
hibitory RNA duplexes for early growth response-1 messenger RNA. J Im-
munol 170:5281-5294.

Hagiwara H, Iyo M, Hashimoto K (2009) Mithramycin protects against do-
paminergic neurotoxicity in the mouse brain after administration of
methamphetamine. Brain Res 1301:189-196.

Ham J, Towers E, Gilley ], Terzano S, Randall R (2005) BH3-only proteins:
key regulators of neuronal apoptosis. Cell Death Differ 12:1015-1020.

Harris CA, Johnson EM Jr (2001) BH3-only Bcl-2 family members are co-
ordinately regulated by the JNK pathway and require Bax to induce apo-
ptosis in neurons. ] Biol Chem 276:37754-37760.

J. Neurosci., March 30, 2011 - 31(13):5032-5044 + 5043

Hongisto V, Vainio JC, Thompson R, Courtney MJ, Coffey ET (2008) The
Wnt pool of glycogen synthase kinase 3beta is critical for trophic-
deprivation-induced neuronal death. Mol Cell Biol 28:1515-1527.

Hiibner A, Barrett T, Flavell RA, Davis R] (2008) Multisite phosphorylation
regulates Bim stability and apoptotic activity. Mol Cell 30:415-425.

Lee CG, Cho SJ, Kang MJ, Chapoval SP, Lee PJ, Noble PW, Yehualaeshet T, Lu
B, Flavell RA, Milbrandt J, Homer RJ, Elias JA (2004) Early growth re-
sponse gene 1-mediated apoptosis is essential for transforming growth
factor betal-induced pulmonary fibrosis. ] Exp Med 200:377-389.

Levkovitz Y, Baraban JM (2001) A dominant negative inhibitor of the Egr
family of transcription regulatory factors suppresses cerebellar granule
cell apoptosis by blocking c-Jun activation. ] Neurosci 21:5893-5901.

Li M, Wang X, Meintzer MK, Laessig T, Birnbaum M]J, Heidenreich KA
(2000) Cyclic AMP promotes neuronal survival by phosphorylation of
glycogen synthase kinase 3beta. Mol Cell Biol 20:9356-9363.

Li M, Linseman DA, Allen MP, Meintzer MK, Wang X, Laessig T, Wierman
ME, Heidenreich KA (2001) Myocyte enhancer factor 2A and 2D un-
dergo phosphorylation and caspase-mediated degradation during apo-
ptosis of rat cerebellar granule neurons. ] Neurosci 21:6544—6552.

Linseman DA, Phelps RA, Bouchard RJ, Le SS, Laessig TA, McClure ML,
Heidenreich KA (2002) Insulin-like growth factor-I blocks Bcl-2 inter-
acting mediator of cell death (Bim) induction and intrinsic death signal-
ing in cerebellar granule neurons. ] Neurosci 22:9287-9297.

Liou AK, Zhou Z, Pei W, Lim TM, Yin XM, Chen J (2005) BimEL up-
regulation potentiates AIF translocation and cell death in response to
MPTP. FASEB ] 19:1350-1352.

Liu DX, Greene LA (2001) Regulation of neuronal survival and death by
E2F-dependent gene repression and derepression. Neuron 32:425—438.

Liu W, Zhou XW, Liu S, Hu K, Wang C, He Q, Li M (2009) Calpain-
truncated CRMP-3 and -4 contribute to potassium deprivation-induced
apoptosis of cerebellar granule neurons. Proteomics 9:3712-3728.

Lombo F, Menéndez N, Salas JA, Méndez C (2006) The aureolic acid family
of antitumor compounds: structure, mode of action, biosynthesis, and
novel derivatives. Appl Microbiol Biotechnol 73:1-14.

Ma G, Ying C, Yuan Z, Song B, Li D, Liu Y, Lai B, Li W, Chen R, Ching YP, Li
M (2007) dp5/HRK is a c-Jun target gene and required for apoptosis
induced by potassium deprivation in cerebellar granule neurons. J Biol
Chem 282:30901-30909.

Miller TM, Johnson EM Jr (1996) Metabolic and genetic analyses of apopto-
sis in potassium/serum-deprived rat cerebellar granule cells. ] Neurosci
16:7487-7495.

Morrison BE, Majdzadeh N, Zhang X, Lyles A, Bassel-Duby R, Olson EN,
D’Mello SR (2006) Neuroprotection by histone deacetylase-related pro-
tein. Mol Cell Biol 26:3550-3564.

Muthukkumar S, Nair P, Sells SF, Maddiwar NG, Jacob RJ, Rangnekar VM
(1995) Role of EGR-1 in thapsigargin-inducible apoptosis in the mela-
noma cell line A375-C6. Mol Cell Biol 15:6262—6272.

O’Connor L, Strasser A, O’Reilly LA, Hausmann G, Adams JM, Cory S,
Huang DC (1998) Bim: a novel member of the Bcl-2 family that pro-
motes apoptosis. EMBO ] 17:384-395.

Okuno S, Saito A, Hayashi T, Chan PH (2004) The c-Jun N-terminal pro-
tein kinase signaling pathway mediates Bax activation and subsequent
neuronal apoptosis through interaction with Bim after transient focal
cerebral ischemia. ] Neurosci 24:7879—-7887.

Perier C, Bové J, Wu DC, Dehay B, Choi DK, Jackson-Lewis V, Rathke-
Hartlieb S, Bouillet P, Strasser A, Schulz JB, Przedborski S, VilaM (2007)
Two molecular pathways initiate mitochondria-dependent dopaminergic
neurodegeneration in experimental Parkinson’s disease. Proc Natl Acad
SciU S A 104:8161-8166.

Petersohn D, Thiel G (1996) Role of zinc-finger proteins Spl and zif268/
egr-1 in transcriptional regulation of the human synaptobrevin II gene.
Eur J Biochem 239:827-834.

Putcha GV, Moulder KL, Golden JP, Bouillet P, Adams JA, Strasser A, John-
son EM (2001) Induction of BIM, a proapoptotic BH3-only BCL-2 fam-
ily member, is critical for neuronal apoptosis. Neuron 29:615—628.

Putcha GV, Harris CA, Moulder KL, Easton RM, Thompson CB, Johnson EM
Jr (2002) Intrinsic and extrinsic pathway signaling during neuronal ap-
optosis: lessons from the analysis of mutant mice. J Cell Biol 157:441—453.

Putcha GV, Le S, Frank S, Besirli CG, Clark K, Chu B, Alix S, Youle RJ,
LaMarche A, Maroney AC, Johnson EM Jr (2003) JNK-mediated
BIM phosphorylation potentiates BAX-dependent apoptosis. Neuron
38:899-914.



5044 - J. Neurosci., March 30, 2011 - 31(13):5032-5044

Qi XJ, Wildey GM, Howe PH (2006) Evidence that Ser87 of BImEL is phos-
phorylated by Akt and regulates BimEL apoptotic function. J Biol Chem
281:813-823.

Ray R, Snyder RC, Thomas S, Koller CA, Miller DM (1989) Mithramycin
blocks protein binding and function of the SV40 early promoter. J Clin
Invest 83:2003-2007.

Ryu H, Lee J, Zaman K, Kubilis ], Ferrante R]J, Ross BD, Neve R, Ratan RR
(2003) Spl and Sp3 are oxidative stress-inducible, antideath transcrip-
tion factors in cortical neurons. ] Neurosci 23:3597—-3606.

Sala A, Saitta B, De Luca P, Cervellera MN, Casella I, Lewis RE, Watson R,
Peschle C (1999) B-MYB transactivates its own promoter through SP1-
binding sites. Oncogene 18:1333-1339.

Santilli G, Schwab R, Watson R, Ebert C, Aronow BJ, Sala A (2005)
Temperature-dependent modification and activation of B-MYB: impli-
cations for cell survival. ] Biol Chem 280:15628 —15634.

Shi L, Gong S, Yuan Z, Ma C, Liu Y, Wang C, Li W, Pi R, Huang S, Chen R,
Han Y, Mao Z, Li M (2005) Activity deprivation-dependent induction
of the proapoptotic BH3-only protein Bim is independent of JNK/c-Jun
activation during apoptosis in cerebellar granule neurons. Neurosci Lett
375:7-12.

Smith TS, Trimmer PA, Khan SM, Tinklepaugh DL, Bennett JP Jr (1997)
Mitochondrial toxins in models of neurodegenerative diseases. II: Ele-
vated zif268 transcription and independent temporal regulation of striatal
D1 and D2 receptor mRNAs and D1 and D2 receptor-binding sites in
C57BL/6 mice during MPTP treatment. Brain Res 765:189-197.

Song B, Lai B, Zheng Z, Zhang Y, Luo J, Wang C, Chen Y, Woodgett JR, Li M
(2010) Inhibitory phosphorylation of GSK-3 by CaMKII couples depo-
larization to neuronal survival. ] Biol Chem 285:41122—41134.

Takahashi T, Suwabe N, Dai P, Yamamoto M, Ishii S, Nakano T (2000)
Inhibitory interaction of c-Myb and GATA-1 via transcriptional co-
activator CBP. Oncogene 19:134-140.

Thiel G, Cibelli G (2002) Regulation of life and death by the zinc finger
transcription factor Egr-1. J Cell Physiol 193:287-292.

Thiel G, Schoch S, Petersohn D (1994) Regulation of synapsin I gene expres-
sion by the zinc finger transcription factor zif268/egr-1. J Biol Chem
269:15294-15301.

Towers E, Gilley ], Randall R, Hughes R, Kristiansen M, Ham J (2009) The
proapoptotic dp5 gene is a direct target of the MLK-JNK-c-Jun pathway
in sympathetic neurons. Nucleic Acids Res 37:3044—3060.

Tran H, Brunet A, Griffith EC, Greenberg ME (2003) The many forks in
FOXO’s road. Sci STKE 2003:RES5.

Tremblay JJ, Drouin J (1999) Egr-1 is a downstream effector of GnRH and

Xie et al. o Egr-1 Targets Bim to Promote Apoptosis

synergizes by direct interaction with Ptx1 and SF-1 to enhance luteinizing
hormone beta gene transcription. Mol Cell Biol 19:2567-2576.

Tureyen K, Brooks N, Bowen K, Svaren J, Vemuganti R (2008) Transcrip-
tion factor early growth response-1 induction mediates inflammatory
gene expression and brain damage following transient focal ischemia.
J Neurochem 105:1313-1324.

Virolle T, Adamson ED, Baron V, Birle D, Mercola D, Mustelin T, de Belle I
(2001) The Egr-1 transcription factor directly activates PTEN during
irradiation-induced signalling. Nat Cell Biol 3:1124-1128.

Watson A, Eilers A, Lallemand D, Kyriakis J, Rubin LL, Ham J (1998) Phos-
phorylation of c-Jun is necessary for apoptosis induced by survival signal
withdrawal in cerebellar granule neurons. ] Neurosci 18:751-762.

Whitfield J, Neame SJ, Paquet L, Bernard O, Ham J (2001) Dominant-
negative c-Jun promotes neuronal survival by reducing BIM expression
and inhibiting mitochondrial cytochrome c release. Neuron 29:629—643.

XieY, LiuY, Ma C, Yuan Z, Wang W, Zhu Z, Gao G, Liu X, Yuan H, Chen R,
Huang S, Wang X, Zhu X, Wang X, Mao Z, Li M (2004) Indirubin-3’-
oxime inhibits c-Jun NH2-terminal kinase: anti-apoptotic effect in cere-
bellar granule neurons. Neurosci Lett 367:355-359.

Xifr6 X, Falluel-Morel A, Minano A, Aubert N, Fad6o R, Malagelada C,
Vaudry D, Vaudry H, Gonzalez B, Rodriguez-Alvarez ] (2006)
N-methyl-p-aspartate blocks activation of JNK and mitochondrial apo-
ptotic pathway induced by potassium deprivation in cerebellar granule
cells. ] Biol Chem 281:6801-6812.

Yamaguchi H, Chen CT, Chou CK, Pal A, Bornmann W, Hortobagyi GN,
Hung MC (2010) Adenovirus 5 E1A enhances histone deacetylase
inhibitors-induced apoptosis through Egr-1-mediated Bim upregulation.
Oncogene 29:5619-5629.

Yao M, Nguyen TV, Pike CJ (2007) Estrogen regulates Bcl-w and Bim ex-
pression: role in protection against beta-amyloid peptide-induced neuro-
nal death. ] Neurosci 27:1422-1433.

Youle RJ, Strasser A (2008) The BCL-2 protein family: opposing activities
that mediate cell death. Nat Rev Mol Cell Biol 9:47-59.

Yuan Z, Becker EB, Merlo P, Yamada T, DiBacco S, Konishi Y, Schaefer EM,
Bonni A (2008) Activation of FOXO1 by Cdk1 in cycling cells and post-
mitotic neurons. Science 319:1665-1668.

Yuan Z, Gong S, Luo J, Zheng Z, Song B, Ma S, Guo J, Hu C, Thiel G, Vinson
C,Hu CD, Wang Y, LiM (2009) Opposing roles for ATF2 and c-Fos in
c-Jun-mediated neuronal apoptosis. Mol Cell Biol 29:2431-2442.

Zhang F, Lin M, Abidi P, Thiel G, LiuJ (2003) Specific interaction of Egrl
and ¢/EBPbeta leads to the transcriptional activation of the human low
density lipoprotein receptor gene. ] Biol Chem 278:44246—44254.



