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Characterization of the c-Jun N-Terminal Kinase-Bimg;
Signaling Pathway in Neuronal Apoptosis

Esther B. E. Becker,'2 Jenny Howell,’ Yuki Kodama,' Philip A. Barker,’ and Azad Bonni'>
Department of Pathology and 2Program in Biological and Biomedical Sciences, Harvard Medical School, Boston, Massachusetts 02115, and *Centre for
Neuronal Survival, Montreal Neurological Institute, McGill University, Montreal, Quebec H3A 2B4, Canada

The c-Jun N-terminal kinase (JNK) signaling pathway plays a critical role in mediating apoptosis in the nervous system; however, the
mechanisms by which JNK triggers neuronal apoptosis remain incompletely understood. Recent studies suggest that in addition to
inducing transcription of pro-apoptotic genes, JNK also directly activates the cell death machinery. Here, we report that JNK catalyzed the
phosphorylation of the BH3-only protein Bcl-2 interacting mediator of cell death (Bimy, ) at serine 65, both in vitro and in vivo. The
JNK-induced phosphorylation of Bimy, at serine 65 promoted the apoptotic effect of Bimy; in primary cerebellar granule neurons. We
also characterized the role of the JNK-Bimy; signaling pathway in apoptosis that was triggered by overexpression of the p75 neurotrophin
receptor (p75™"™™). We found that activation of p75 ™" induced the JNK-dependent phosphorylation of endogenous Bimy; at serine 65 in
cells. The genetic knockdown of Bimg; by RNA interference or the expression of a dominant interfering form of Bimy, significantly
impaired the ability of activated p75~"® to induce apoptosis. Together, these results suggest that JNK-induced phosphorylation of Bimy,
at serine 65 mediates p75"""-induced apoptosis. Our findings define a novel mechanism by which a death-receptor pathway directly

activates the mitochondrial apoptotic machinery.
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Introduction

Programmed cell death of neurons is an indispensable part of the
development of the nervous system and contributes to neuronal
loss in neurologic injury and disease. Two canonical cell death
pathways have been characterized: an apoptotic pathway that is
triggered by the activation of cell-surface death receptors and
leads to direct activation of the caspase cascade, and a cell-
intrinsic apoptotic pathway that requires the release of mito-
chondrial proteins for caspase activation (Strasser et al., 2000;
Kaufmann and Hengartner, 2001).

The pro-apoptotic BH3-only proteins play an important role
in the activation of the cell-intrinsic cell death program by acting
as sentinels of cellular damage (Huang and Strasser, 2000). Once
activated, some BH3-only proteins including Bid are thought to
directly activate the pro-apoptotic multidomain Bcl-2 family
members, whereas others including Bad interact with and inhibit
the prosurvival Bcl-2 family members including Bcl-2 and Bcl-X,
(Gross et al., 1999; Huang and Strasser, 2000).
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Among the BH3-only proteins, Bcl-2 interacting mediator of
cell death (Bim) is of particular interest to studies of apoptosis in
the nervous system. Developmentally regulated neuronal apo-
ptosis is delayed in mice in which the bim gene is disrupted
(Putcha et al., 2001; Whitfield et al., 2001), suggesting a critical
role for Bim in neuronal cell death. An important question raised
by these studies is how Bim-induced death is regulated in neu-
rons. Previously, it has been shown that the apoptotic stimuli of
growth factor and neuronal activity withdrawal induce bim tran-
scription in sympathetic and cerebellar granule neurons, in part
through the c-Jun N-terminal kinase (JNK)-mediated phosphor-
ylation and activation of the transcription factor c-Jun (Harris
and Johnson, 2001; Putcha et al., 2001; Whitfield et al., 2001).

Bim exists in three major isoforms that are generated by alter-
native splicing: Bimg, , Bim;, and Bimg. Among the distinct Bim
isoforms, Bim; and Bimy; are the predominant isoforms in neu-
rons (O’Reilly et al., 2000). Interestingly, Bimg, is constitutively
expressed in many neuronal cell types, suggesting that Bimyg
function might be regulated by posttranslational modifications
in neuronal cells after exposure to an apoptotic stimulus
(O’Reilly et al., 2000). Recent studies suggest that Bim is phos-
phorylated in response to several apoptotic stimuli, including
growth factor withdrawal in primary neurons (Lei and Davis,
2003; Putcha et al., 2003).

The stress-activated protein kinases (SAPKs), including JNK
and p38 mitogen-activated protein kinase (p38MAPK), are com-
monly activated in neurons in response to apoptotic stimuli
(Mielke and Herdegen, 2000; Harper and LoGrasso, 2001). In
addition to mediating trophic factor withdrawal-induced apo-
ptosis, the JNK signaling pathway is a critical mediator of neuro-
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nal cell death after activation of the p75 neurotrophin receptor
(p75NTR) (Friedman, 2000; Harrington et al., 2002; Roux and
Barker, 2002). A widely held view is that activation of p75~"® in
the absence of stimulation of the tyrosine kinase family of neuro-
trophin receptors constitutes an important trigger of apoptosis
(Frade et al., 1996; Kaplan and Miller, 2000). p75~™ is thought
to play a critical role during development and after pathogenic
stimuli in the adult brain (Yaar et al., 1997; Bamji et al., 1998;
Roux et al., 1999; Dechant and Barde, 2002).

The downstream effector pathways of p75~"®-activated and
JNK-mediated neuronal apoptosis remain to be characterized. In
contrast to trophic factor withdrawal-induced apoptosis, in
which JNK-mediated c-Jun-dependent transcription plays a crit-
icalrole, in p75 NTR_induced cell death JNK activation is required,
yet activation of c-Jun appears to be dispensable (Harrington et
al., 2002; Palmada et al., 2002; Troy et al., 2002). These findings
raise the interesting possibility that p75™"-activated JNK might
directly phosphorylate components of the mitochondrial cell
death machinery and thereby induce neuronal apoptosis.

In this study, we have delineated a novel mechanism by which
JNK mediates p75™"®-induced neuronal apoptosis. We found
that JNK catalyzes the phosphorylation of the BH3-only protein
Bimyg, in vitro and in vivo at the distinct site of serine 65. The
phosphorylation of Bimg; at serine 65 promotes the pro-
apoptotic activity of Bimy; in primary neurons. Overexpression
of p75™"™® was found to induce JNK-mediated phosphorylation
of endogenous Bimy; at serine 65. In addition, we demonstrated
that Bimg; and JNK-induced phosphorylation of Bimy, at serine
65 are required for p75™"™®-induced apoptosis. Together, these
findings define the JNK-Bimy, signaling pathway as a novel link
between death receptor activation and the cell death machinery.

Materials and Methods

Plasmids and reagents. Full-length Bim;; cDNA was cloned by RT-PCR
from RNA isolated from rat cerebellar granule neurons. Bimy; cDNA
was then subcloned into the polylinker of the bacterial glutathione
S-transferase (GST) gene fusion vector pGEX-4T-3 (Amersham Bio-
sciences, Piscataway, NJ) and into the polylinker of the mammalian ex-
pression vector pCDNA3 (Invitrogen, Carlsbad, CA) with an NH,-
terminal hemagglutinin (HA)-tag. Point mutations of Ser-55, Ser-65,
Ser-73, Ser-100, and Thr-112 were made using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Similarly, the splic-
ing donor site for Bim; (T,,4 to G, without amino acid change) and the
BH3-domain of Bimy; (Leu-150 to Ala and Asp-155 to Ala) were mu-
tated. Mutations were verified by sequencing. Activated MAPK kinase 3
(MKK3) was purchased from Stratagene. The activated MAPK kinase
kinase (MEKK1) plasmid has been described previously (Lee etal., 1997).
The dominant-negative JNK plasmid was kindly provided by Dr. Yang
Shi (Harvard Medical School, Boston, MA).

The U6/BS-Bim RNA interference vector was designed as described
(Gaudilliere et al., 2002; Sui et al., 2002). The sense strand of the encoded
hairpin RNA was designed to specifically target the 20-nucleotide region
GGTATTTCTCTTTTGACACAG in Bim RNA. The targeted region in
Bim RNA showed no significant homology with any other gene by
BLAST (basic local alignment search tool).

Preparation of recombinant adenovirus expressing green fluorescent
protein (AdGFP), B-galactosidase (AdLacZ), full-length p75N™®
(Adp75N™), and the Flag-tagged JNK-binding domain (JBD) of JNK
interacting protein (JIP) (AdJBD) have been described previously (Roux
et al., 2002). All adenoviruses were amplified in human embryonic kid-
ney (HEK) 293A cells and purified on a sucrose gradient as described
(Roux et al., 2002). Titers are expressed as plaque-forming units.

To generate the phospho65-Bim antibody, a phosphopeptide of the
sequence CLAPPApSPGPFATR (Tufts Synthesis Facility, Tufts Medical
School, Boston, MA), was synthesized and coupled to keyhole limpet
hemocyanin using the Imject Maleimide Activated mcKLH Kit (Pierce,

J. Neurosci., October 6, 2004 - 24(40):8762— 8770 + 8763

Rockford, IL). The antigen was injected into New Zealand White rabbits
(Covance Research Products, Denver, PA), from which serum was col-
lected approximately every 3 weeks. Serum was affinity purified by sub-
sequently passing it on an Immunopure immobilized protein A column
(Pierce) and an agarose-iodoacetyl column (Pierce) to which a synthetic
peptide of the sequence CLAPPASPGPFATR (Tufts Synthesis Facility)
was coupled. The final eluate was desalted and concentrated using Ami-
con Ultra centrifugal filter devices (Millipore, Bedford, MA). The phos-
pho65 antibody is available from Bioscience (Camarillo, CA).

Other antibodies used in this study include polyclonal anti-Bim anti-
body (Stressgen, Victoria, British Columbia, Canada; catalog #AAP-
330), polyclonal anti-Bim antibody (Calbiochem, La Jolla, CA; catalog
#202000), monoclonal anti-GST antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; catalog #s.c.-138), polyclonal anti-HA antibody (Santa
Cruz Biotechnology; catalog #s.c.-805), polyclonal phospho-JNK anti-
body (Cell Signaling, Beverly, MA; catalog #9251), polyclonal JNK anti-
body (Upstate Biotechnology, Lake Placid, NY; catalog #06-748), poly-
clonal phospho-p38MAPK antibody (Cell Signaling; catalog #9211),
polyclonal phospho-c-Jun antibody (Cell Signaling; catalog #9261),
monoclonal 14-3-3 B antibody (Santa Cruz Biotechnology; catalog #s.c.-
1657), monoclonal p42 MAP kinase antibody (Cell Signaling; catalog
#9107), monoclonal anti-B-galactosidase antibody (Promega, Madison,
WI; catalog #23781), monoclonal anti-actin antibody (Santa Cruz Bio-
technology; catalog #s.c.-8432), and a polyclonal antibody against
cleaved caspase-3 (Cell Signaling; catalog #9661). The p75NTR antibody
has been described previously (Roux et al., 1999). Secondary antibodies
conjugated to horseradish peroxidase or cyanine dye were purchased
from Jackson ImmunoResearch Laboratories (West Grove, PA).

The JNK inhibitor II (SP600125) and the p38MAPK inhibitor
(SB203580) were purchased from EMD Biosciences Inc. (San Diego, CA).

In vitro kinase assays. In vitro kinase assays were done as described in
the Upstate Biotechnology procedure for the JNKlal protein kinase
assay. Briefly, INKlal (Upstate Biotechnology), 5 ug of recombinant
GST-Bim, 100 um ATP, and 5 uCi of [y->*P]JATP in 2 mm MOPS, pH
7.2, 2.5 mm B-glycerol phosphate, 0.5 mm EGTA, 0.1 mm sodium or-
thovanadate, 0.1 mm DTT, and 15 mm magnesium chloride were incu-
bated at 30°C for 1 hr. The reactions were stopped by adding SDS sample
buffer and boiling. Samples were analyzed by 15% SDS-PAGE, Coomas-
sie staining, and autoradiography. In the experiments depicted in Figure
2B, 200 um unlabeled ATP was used, and the samples were analyzed by
SDS-PAGE and immunoblotting.

Mass spectrometry. After SDS-PAGE and Coomassie staining, the JNK-
phosphorylated Bimy,; band was cut from the gel and digested with tryp-
sin in-gel. Peptides were separated by nanoscale microcapillary HPLC as
described (Stemmann et al., 2001). Eluting peptides were ionized by
electrospray ionization and analyzed by an LCQ-DECA ion trap mass
spectrometer as described (Stemmann et al., 2001).

Cell culture, transfection, and infection of HEK293T and PCI2 cells.
HEK293T cells (American Type Culture Collection, Manassas, VA) were
grown in DMEM (Invitrogen) supplemented with 10% fetal calf serum
(Invitrogen), 2 mm L-glutamine, and 100 pg/ml penicillin—streptomycin.
Rat pheochromocytoma PCl12rtta cells were maintained at 37°C in 10%
CO, inairin DMEM (Hyclone, Logan, UT) supplemented with 6% horse
serum (BioWhittaker, East Rutherford, NJ), 6% bovine calf serum (Bio-
Whittaker), 1% glutamine, and 1% penicillin—streptomycin.

Cell lines were plated 18 —24 hr before transfection and harvested 24 hr
after transfection. HEK293T transfections were performed by a standard
calcium phosphate transfection method. PC12rtta cells were transfected
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Forty-eight hours after transfection, PC12rtta cells were in-
fected with 100 multiplicity of infection (MOI) of adenovirus per well
unless indicated otherwise.

Western analysis. Proteins from cell extracts were separated by PAGE
and transferred to nitrocellulose membranes (Schleicher & Schuell,
Keene, NH). Membranes were blocked for 1 hr in a Tris-buffered saline
solution (TBS) containing 0.02—0.05% Tween (TBST) and 5% (w/v)
dried skim milk powder. All primary antibody incubations were per-
formed in TBST supplemented with 5% bovine serum albumin (USB)
for 1 hr at room temperature, except for incubations with the phospho-
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BimS65 antibody, which were done in blocking A
solution overnight at 4°C. Antibody binding
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was detected by enhanced chemiluminescence

(ECL, PerkinElmer Life Sciences, Boston, MA)
using a secondary antibody conjugated to
horseradish peroxidase (dilution: 1:20,000).

Survival assays in cerebellar granule neurons.
Cerebellar granule cells were prepared as de- B
scribed (D’Mello et al., 1993; Shalizi et al.,
2003) and transfected using a calcium phos-
phate transfection method. For the experi-
ments depicted in Figure 4, cultures from post-
natal day 6 that were in culture for 8 d were
transfected with Bim wild-type or mutant DNA
(0.1 pg per well) or the control vector pPCDNA3
(0.1 ug per well), together with a plasmid en-
coding B-galactosidase (0.25 ug per well) and a
carrier plasmid (2 ug per well pECE) in a 24-
well plate. The calcium phosphate precipitate
was placed on granule neurons that had been
starved for 1 hr in DMEM for 20 min, and cul- C
tures were subsequently returned to condi-
tioned medium [basal medium Eagle (BME)
(Invitrogen) supplemented with 10% calf se-
rum (Hyclone) and 30 mm KCl]. After over-
night incubation with conditioned medium,
cultures were deprived of conditioned medium
and left in BME in the presence or absence of
insulin (10 ug/ml) for 8 hr. Cultures were fixed
with 4% paraformaldehyde (PFA) in PBS and
subjected to indirect immunofluorescence us-
ing an antibody to B-galactosidase (dilution,
1:500). Cell survival and death were assessed in
[B-galactosidase-expressing neurons based on the
integrity of neurites and the morphology of the
nucleus as determined using the DNA dye bis-
Benzimide Hoechst 33258 trihydrochloride
(Sigma, St. Louis, MO). Cell counts were done in
a blinded manner (n = 100 cells per condition)
and analyzed for statistical significance by y5
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difference).

Caspase-3 activation assay in PCI2 cells.
PCl2rtta cells were transfected with the indi-
cated plasmids encoding GFP, pU6/BS control
vector, pU6/BS-Bim RNA interference plas-
mid, pU6/BS-cyclin-dependent kinase
2(Cdk2) RNA interference plasmid, pCDNA3
control vector, Bim wild-type BH3-domain
mutant plasmid, or Bim S65A BH3-domain
mutant plasmid. Forty-eight hours after trans-
fection, cells were infected with either AdLacZ
or Adp75 ™™ and fixed 24 hr later with 4% PFA
in PBS. GFP-positive cells were scored for the
presence of cleaved caspase-3 by indirect im-
munocytochemistry using an antibody against cleaved caspase-3 (dilu-
tion, 1:1000). Transfected cells were scored by a blind observer (n = 150
cells per condition), and the composite data were analyzed for statistical
significance by ANOVA (Tukey’s honestly significant difference).

400

Figure 1.

Results

JNK phosphorylates Bimy, at serine 65 in vitro

We first investigated whether JNK might directly regulate the
BH3-only protein Bimg;. Bimg; contains six putative proline-
directed sites for JNK-mediated phosphorylation (Fig. 1A). Us-
ing an in vitro kinase assay, we found that recombinant JNK
robustly catalyzed the phosphorylation of a recombinant GST-
Bimyg, fusion protein (Fig. 1B). To determine which putative
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INK phosphorylates Bimy, in vitro. A, The structure of Bimg, is shown schematically. The location of the six putative
proline-directed phosphorylation sites, the dynein binding motif (DBM), the BH3-only domain, and the hydrophobic domain ()
areindicated. B, Recombinant GST-Bimg, was incubated with recombinant JNK1c:1and subjected to an in vitro kinase assay using
[y->2PATP. Phosphorylated GST-Bimy, was separated by SDS-PAGE, stained with Coomassie blue (bottom panel), and analyzed
by autoradiography (top panel). Degradation products of bacterially expressed GST-Bimy, are indicated with an asterisk. C,
Representative tandem mass spectrum of one of the phosphopeptides (amino acids 51-71) derived from JNK-phosphorylated
GST-Bimg, . Fragment ions in the spectrum were sequenced from both the N and C termini (b- and y-type ions). Both serine 55 and
serine 65 show additional mass from a phosphate residue.

phosphorylation sites are targeted by JNK, we subjected recombi-
nant GST-Bimy, that was phosphorylated by JNK to tandem mass
spectrometry. Tryptic peptides were identified that matched with
the entire Bimy, sequence. Phosphate-containing peptides were
identified by a differential mass of +80 Da relative to the theoretical
mass of nonphosphorylated peptides. Analysis of the peptides re-
vealed that JNK phosphorylated Bimy; at all six putative phosphor-
ylation sites. As an example, the MS/MS spectrum of a phosphopep-
tide containing phospho-serine 55 and phospho-serine 65 is shown
(Fig. 1C).

To identify the major sites of JNK-induced phosphorylation
among the six sites that were identified by mass spectrometry, we
generated Bimy; mutants in which the phosphorylation sites at
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Figure2.  INK phosphorylates Bimy, at the distinct site of serine 65 in vitro. A, Recombinant
GST-Bimg, (WT) and recombinant Bimg, phosphorylation mutants GST-Bimg, S55A (55A), GST-
Bimg, S65A (65A), and GST-Bimg, T112A (112A) were incubated with no kinase or recombinant
INK1ce1 and subjected to an in vitro kinase assay using [y->2PJATP. Phosphorylated substrates
were separated by SDS-PAGE, stained with Coomassie blue (bottom panel), and analyzed by
autoradiography (top panel). Degradation products of bacterially expressed GST-Bimy, are in-
dicated with an asterisk. 8, Recombinant GST, GST-Bim, (WT), and GST-Bimy, S65A (65A) were
subjected to an in vitro kinase assay with recombinant JNK1cc1. Phosphorylated substrates
were separated by SDS-PAGE and immunoblotted with the phospho65-Bim, Bim, or GST anti-
body. Degradation products of bacterially expressed proteins are marked with an asterisk.

—

serine 55, serine 65, and threonine 112 were replaced with alanine
and subjected the recombinant Bimy; mutant proteins to an in
vitro kinase reaction. We found that although all three Bimy,
mutants were phosphorylated by JNK, the phosphorylation was
dramatically diminished in the Bimy; S65A mutant and to a lesser
degree in the other mutants (Fig. 2A), suggesting that serine 65 is
the predominant site that is phosphorylated by JNK in vitro.

To establish that JNK phosphorylates Bimy, at serine 65, we
raised a phosphospecific antibody to recognize Bimy; only when
it is phosphorylated at serine 65 (phospho65-Bim antibody). Re-
combinant Bimg; was phosphorylated in vitro by JNK and then
immunoblotted with the phospho65-Bim antibody or an anti-
body that recognizes Bim regardless of its phosphorylation state.
We found that JNK robustly phosphorylated Bimy, at serine 65
(Fig. 2 B). The phospho65-Bim reactivity was specific, because it
failed to recognize the Bimg; S65A mutant that was incubated
with JNK (Fig. 2 B). Together, our results indicate that JNK phos-
phorylates Bim specifically at serine 65 in vitro.

Stress-activated protein kinases phosphorylate Bim at serine
65 in vivo

We next determined whether activation of the JNK signaling
pathway induces the phosphorylation of Bimg, at serine 65
within cells. We expressed in HEK293T cells either wild-type
Bimyg; or Bimy; mutants in which the in vitro sites of JNK-
induced phosphorylation were replaced with alanine in the pres-
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Figure3.  INK phosphorylates Bimy, in vivo. A, HEK293T cells were transfected with 1 g of
wild-type Bimg, (WT) or the Bimg, phosphorylation mutants Bimg S55A (55A), Bimg S65A
(65A), Bim; S73A (73A), Bimg S100A (100A), and Bimg, T112A (112A) alone or together with
0.5 g of activated MEKK1. The electrophoretic mobility of the Bimg, proteins was assessed by
SDS-PAGE and immunoblotting with the HA antibody. B, HEK293T cells were transfected with 1
g of wild-type Bimg, or vector control alone or together with 0.5 g of activated MEKK1,
p38MAPK plus MKK3, or activated MEKT. Lysates of transfected cells were immunoblotted with
the phospho65-Bim, Bim, phospho-INK (P-JNK), or phospho-p38MAPK (P-p38MAPK) anti-
body. Untagged Bimg is indicated with an asterisk. C, HEK293T cells were treated with sorbitol
(500 mw) for 3 hr. Lysates of cells were immunoblotted with the phospho65-Bim, Bim,
phospho-JNK (P-JNK), or phospho-p38MAPK (P-p38MAPK) antibody. D, HEK293T cells were
treated with sorbitol (500 mm) for 3 hr in the presence of vehicle or the p38MAPK and JNK
inhibitors SB203580 (5 rum) and SP600125 (10 um), respectively. Lysates of cells were immu-
noblotted with the phospho65-Bim, Bim, phospho-c-Jun (P-c-Jun), phospho-JNK (P-INK), INK,
phospho-p38MAPK (P-p38MAPK), or 14-3-3 antibody. Aspecific bands recognized by the
phospho65-Bim antibody are indicated with an asterisk.

ence or absence of an expression plasmid encoding a truncated
and constitutive active form of the kinase MEKK1 (MEKKI1A).
MEKKI is the prototypical MAPK that activates the JNK signal-
ing pathway. Extracts from transfected HEK293T cells were pre-
pared and subjected to immunoblotting using an anti-Bim
antibody.

The expression of activated MEKK1 together with Bimy; in
HEK293T cells resulted in the retardation of the electrophoretic
mobility of Bimg; (Fig. 3A). The electrophoretic mobility shift of
Bimy, reflected Bimg,; phosphorylation, because the shift com-
pletely collapsed after treatment of the cell lysates with alkaline
phosphatase (data not shown). Compared with wild-type Bimg, ,
the phosphorylation mutants Bimg; S55A and Bimg; S65A dis-
played reduced electrophoretic mobility shifts, and the shift was
completely absent in the Bimg S55/65A mutant. In contrast to
the S55/65A mutation, mutation of each of the other three in vitro
sites of JNK-induced phosphorylation S73, S100, or T112 mod-
estly reduced the electrophoretic mobility shift of Bimg, (Fig.
3A). Immunoblotting of lysates of HEK293T cells in which Bimy
was expressed together with MEKK1A using the phospho65-Bim
antibody revealed that activated MEKK1 robustly induced the
phosphorylation of Bimy, at serine 65 (Fig. 3B). Together, these
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results indicate that activation of the MEKK1-induced SAPK sig-
naling pathways in vivo induces the phosphorylation of Bimy, at
serine 65.

MEKK]1 has been shown previously to induce protein kinase
cascades that culminate in the activation of the stress-activated
MAPKs JNK and p38MAPK (Harper and LoGrasso, 2001). In
HEK293T cells, activated MEKK1 did induce the phosphoryla-
tion of both JNK and p38MAPK at sites that reflect their activa-
tion as determined by immunoblotting of HEK293T extracts us-
ing antibodies that recognize specifically the phosphorylated
forms of JNK and p38MAPK (Fig. 3B). The expression of a con-
stitutive active form of JNK also stimulated the phosphorylation
of Bimy, at serine 65, although to a lesser degree than MEKK1
(data not shown), suggesting that both JNK and p38MAPK might
phosphorylate Bimy; downstream of MEKKI. In other experi-
ments, the expression of a constitutive active form of the
P38MAPK activator MKK3 together with p38MAPK and Bimy
in HEK293T cells strongly induced the phosphorylation of Bimy
at serine 65 (Fig. 3B). Interestingly, the expression of MKK3 ac-
tivated both p38MAPK and JNK in HEK293T cells (Fig. 3B),
consistent with the conclusion that both of these kinases might
contribute to the phosphorylation of Bimy, at serine 65. In agree-
ment with this interpretation, we found that the pharmacological
inhibitors SB203580 (5 uM) and SP600125 (10 uM), which in-
hibit p38MAPK and JNK, respectively, each partially reduced the
MEKKI1-mediated phosphorylation of Bimg; at serine 65 (data
not shown).

Recently, Bimy, has been suggested to be the target of the
extracellular signal-related kinase (ERK) 1/2 signaling pathway
(Ley et al., 2003); however, the expression of a constitutive active
form of the ERK1/2 activator MEK1 together with Bimy; had
little effect on the phosphorylation of Bimy; at serine 65 (Fig. 3B).
Together, these data suggest that among the MAPKSs, the SAPKs
JNK and p38MAPK may selectively induce the phosphorylation
of Bimy; at serine 65.

To determine whether activation of the SAPK signaling path-
ways induces the phosphorylation of endogenous Bimy, in vivo,
we tested whether exposure of cells to hyperosmotic stress, a
stimulus known to activate SAPK signaling pathways, triggers the
phosphorylation of Bimy, at serine 65. We found that exposure of
HEK293T cells to high concentrations of the hyperosmotic stim-
ulus sorbitol induced the phosphorylation of endogenous Bimy
at serine 65 (Fig. 3C). Inhibition of JNK and p38MAPK activity
by the inhibitors SP600125 and SB203580 partially reduced the
sorbitol-mediated phosphorylation of Bimy, at serine 65 (Fig.
3D). The activity of the JNK inhibitor was confirmed by the ob-
servation that it effectively reduced sorbitol-induced phosphor-
ylation of the transcription factor c-Jun (Fig. 3D). Together, these
results suggest that endogenous SAPKs mediate the phosphory-
lation of endogenous Bimy, at serine 65 in vivo after osmotic
stress.

JNK-induced phosphorylation of Bimy, at serine 65 activates
the apoptotic function of Bimy,

To determine the biological effect of the JNK-induced phosphor-
ylation of Bimg; on the function of Bim, we expressed in primary
cerebellar granule neurons Bimg,; or Bimy; mutants in which the
JNK sites of phosphorylation were mutated. After transfection,
granule neurons were deprived of extracellular survival factors to
provide a stimulus that activates the JNK signaling pathway in
neurons (Coffey et al., 2002). The expression of Bimy, robustly
induced apoptosis of survival factor-deprived cerebellar granule
neurons (Fig. 4A). We found that a dominant interfering form of
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Figure 4.  Phosphorylation of Bimy, at serine 65 promotes Bimg,-mediated apoptosis. 4,
Cerebellar granule neurons were transfected with control vector (V), Bimg, or Bimg, S55/65A
(55/65A) and B-galactosidase (left panel) or with control vector (V) or JNK DN together with
Bimg, and B-galactosidase (right panel). One day after transfection, cultures were switched
from full medium to basal medium in the absence of survival factors. Cells were fixed after 8 hr
and subjected to indirect immunofluorescence. Percentage of apoptosis is represented as
mean = SE. The expression of Bimg, S55/65A induced significantly less apoptosis than Bimg,
(n = 3; ANOVA; p << 0.0005). Expression of JNK DN significantly reduced Bimg, -induced apo-
ptosis (1 = 3; ANOVA; p << 0.005). B, Cerebellar granule neurons were transfected with plas-
mids encoding nonspliceable cDNAs of Bimg, , Bimg, S55A (55A), Bimg, S65A (65A), Bimg, S65D
(65D), or control vector (V) and 3-galactosidase. Cultures were treated as described above and
analyzed by indirect immunofluorescence. The expression of Bimg, S65A induced significantly
less apoptosis than Bim, and Bimg, 565D (mean == SE; n = 4; ANOVA; p < 0.01and p <
0.0005). The expression of Bimg, S55A did not reduce the apoptotic effect compared with wild-
type Bimg, (mean = SE; n = 6; ANOVA; p = 0.4). C, Cerebellar granule neurons were trans-
fected with plasmids encoding nonspliceable cDNAs of wild-type Bimy, , Bim, 565D (65D), or
control vector (V) and 3-galactosidase. One day after transfection, cultures were switched from
full medium to basal medium in the presence (Ins) or absence (—) of insulin (10 wg/ml) to
activate the IGF-I receptor. Cells were fixed after 8 hrand subjected to indirectimmunofluores-
cence. Activation of the IGF-I receptor reduced Bim-mediated apoptosis (mean = SE;n = 4;
ANOVA; p < 0.0001) but had little effect on Bimg, S65D-induced apoptosis ( p > 0.04).

JNK (JNK DN), when coexpressed with Bimy,, significantly re-
duced Bimy; -induced apoptosis in survival factor-deprived gran-
ule neurons, suggesting that the JNK signaling pathway stimu-
lates the apoptotic function of Bimy, in these neurons. Because
the in vitro (Fig. 2A) and in vivo (Fig. 3A) evidence suggested that
serines 55 and 65 might represent key sites of JNK-mediated
phosphorylation, we first tested the effect of the double S55/65A
mutation on Bimg, -induced apoptosis. We found that expres-
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sion of the Bimy,; S55/65A mutant induced significantly less neu-
ronal apoptosis than expression of Bimy,; (Fig. 4A), suggesting
that JNK-induced phosphorylation of Bimg, at these sites might
promote Bimy, -dependent apoptosis.

We next set out to determine the relative contribution of each
of the two phosphorylation sites, serines 55 and 65, in Bimy; -
mediated neuronal apoptosis. In our initial experiments, the ef-
fect of these phosphorylation site mutants on neuronal apoptosis
was somewhat variable. Remarkably, the Bimg; ¢cDNA contains
internal splicing donor and acceptor sites such that the Bimyg,
c¢DNA may lead to the generation of both Bimg; and Bim; mRNA
(Shinjyo et al., 2001). According to Shinjyo et al. (2001), cells
transfected with Bimp; cDNA may produce both Bimg; and Bim,
proteins (Shinjyo et al., 2001). Bim,, a potent inducer of apopto-
sis, does not contain the JNK phosphorylation sites serines 55 and
65 and is not subject to the posttranslational regulation at these
sites. We therefore reasoned that in the survival assays in granule
neurons, the potential expression of Bim; encoded by Bimyg
c¢DNA might mask the regulatory effect of serines 55 and 65 on
Bimy, -induced neuronal cell death. Therefore, before further
testing of the functional consequences of Bimy; phosphorylation,
we first addressed the concern that the unusual splicing of Bimy,
c¢DNA might interfere with the interpretation of the survival as-
says. To circumvent the potential expression of Bim; encoded by
Bimg; cDNA, we mutated the splice donor site in the Bimg
expression plasmids and used these cDNAs for all subsequent
survival assays.

The expression of Bimy; encoded by the nonspliceable Bimy;
c¢DNA strongly induced apoptosis in survival factor-deprived
granule neurons (Fig. 4 B,C). Using nonspliceable Bimg; ¢cDNAs,
we found that the Bimg; mutant in which serine 55 was replaced
with an alanine (Bimg;S55A) induced apoptosis in neurons as
effectively as Bimy, (Fig. 4B). In contrast, the nonspliceable
Bimy; S65A mutant (Bimyg S65A) strikingly reduced neuronal
apoptosis to levels that were similar to those in control vector-
transfected neurons (Fig. 4B). In other experiments we found
that replacement of all five potential JNK phosphorylation sites
by alanine reduced the apoptotic effect of Bimg; but not more
effectively than the single S65A mutation (Fig. 4B) (data not
shown). Together, our findings suggest that JNK-induced phos-
phorylation of Bimg, at serine 65 promotes the pro-apoptotic
activity of Bimg, in primary cerebellar granule neurons.

To begin to characterize how the phosphorylation at serine 65
promotes Bimy -dependent apoptosis, we expressed a Bimg
mutant in which serine 65 was replaced with aspartate to mimic
phosphorylation at this site (Bimg;S65D). We found that
Bimg; S65D robustly induced apoptosis in survival factor-
deprived neurons (Fig. 4 B). Under these conditions, the apopto-
tic effect of Bimy; S65D was slightly greater than that of Bimy,,
but the difference did not reach statistical significance. Although
Bimg, -mediated apoptosis was inhibited by the expression of
JNK DN (Fig. 4A), we found that coexpression of JNK DN had
little effect on Bimy; S65D-induced cell death (data not shown).
These results are consistent with the interpretation that the phos-
phorylation of Bimy, at serine 65 acts downstream of JNK in
promoting neuronal apoptosis.

We next asked whether phosphorylation of Bimy, at serine 65
might have an effect on the apoptotic effect of Bimy,; under sur-
vival conditions. We found that activation of the IGF-I receptor
and its downstream survival pathways by high doses of insulin
(Dudek et al., 1997) significantly reduced Bimg, -induced apo-
ptosis (Fig. 4C); however, insulin failed to inhibit the apoptotic
effect of Bimg; S65D (Fig. 4C). These results raise the possibility
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that the phosphorylation at serine 65 might promote the apopto-
tic function of Bimy; by opposing survival factor inhibition of
Bimg, -mediated apoptosis.

The JNK-Bimg, signaling pathway in p75™~""-induced apoptosis

Having identified the JNK-induced phosphorylation of Bimy, at
serine 65 as a mechanism for JNK to directly activate the cell
death machinery, we next investigated whether the JNK-Bimg,
signaling pathway is a critical mediator of specific stimuli known
to induce apoptosis in the nervous system. Recent studies suggest
that JNK triggers neuronal apoptosis after activation of p75™™
via a c-Jun-independent mechanism (Palmada et al., 2002;
Bhakar et al., 2003). These observations suggest that p75~™
might directly activate the cell death machinery via the JNK-
Bimy, signaling pathway.

To characterize the potential role of the JNK-Bimy, signaling
pathway in p75~"®-mediated apoptosis, we used a well estab-
lished paradigm of overexpression of full-length p75™"" to trig-
ger p75 NTR—dependent cell death (Roux et al., 2001; Wang et al.,
2001; Bhakar et al., 2003). We infected PC12 cells with adenovi-
rus encoding full-length p75~™ or control LacZ protein and
immunoblotted the PC12 cell extracts with the phospho65-Bim
antibody or an anti-Bim antibody that recognizes Bimy, regard-
less of its phosphorylation state. Expression of p75™™ induced
the phosphorylation of Bimy, at serine 65 (Fig. 5A). To deter-
mine whether p75N" -induced phosphorylation of Bimg; at
serine 65 is dependent on JNK activation, we coexpressed with
p75 the JBD of the scaffold protein JIP that functions as a
dominant-negative inhibitor of JNK signaling (Harding et al.,
2001). The expression of JBD blocked p75~"®-induction of JNK
activity and cell death (Bhakar et al., 2003) (data not shown). We
found that JBD expression also blocked the p75N"®-induced
phosphorylation of Bimy, at serine 65 (Fig. 5A). Together, these
results suggest that INK mediates p75™"®-induced phosphoryla-
tion of Bimyg, at serine 65.

To investigate whether Bimg; mediates p7 -induced apo-
ptosis, we used a DNA template-based method of RNA interfer-
ence (RNAI) to reduce the levels of endogenous Bimg,; in PC12
cells. Expression of Bim hairpin RNA but not the control RNAi
plasmid or the expression of hairpin RNA to the unrelated pro-
tein Cdk2 significantly reduced endogenous Bimg; protein levels
as determined in transfection experiments in PC12 cells (Fig. 5B).
To determine the effect of Bimg; knockdown on p75NTR-
induced apoptosis, we transfected PC12 cells with GFP alone or
GFP together with the distinct RNAi plasmids and then infected
these cells with the p75™"® or control adenovirus. We found that
the genetic knockdown of Bimy; significantly reduced the
p75N"™-induced apoptosis of PC12 cells as assayed by measuring
the cleavage of caspase-3 (Fig. 5C). Together, these data suggest
that Bimg; plays a crucial role in p75™"®-induced cell death.

To test directly whether the phosphorylation of Bimyg; at
serine 65 mediates p75™~"®-induced cell death, we tested whether
a mutant allele of Bimy; in which serine 65 was replaced by an
alanine acts in a dominant-negative manner to inhibit the
p75N""-mediated apoptotic response. Because Bimy, is a potent
inducer of cell death, we replaced serine 65 with alanine in the
context of a full-length Bimy, in which the BH3 domain was also
mutated. Overexpression of Bimy; harboring two BH3 domain
mutations but that was otherwise wild-type, including an intact
serine 65, failed to alter the ability of p75™"™® to induce cell death
(Fig. 5C). In contrast, the expression of Bimyg; containing both
the BH3-domain mutations and the S65A mutation remarkably
inhibited p75™"®-induced cell death (Fig. 5C). These results sug-
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nificantly inhibited apoptosis induced by &

p75N™® overexpression. Together, our

findings suggest that JNK-induced phos-
phorylation and activation of Bimg; me-
diates p75N"™-induced cell death.

Activation of JNK has long been impli-
cated in neuronal apoptosis (Mielke and
Herdegen, 2000; Harper and LoGrasso,
2001). JNK is thought to induce neuronal
apoptosis via transcription-dependent
and -independent mechanisms. JNK-
induced phosphorylation and activation
of the transcription factor c-Jun that in
turn mediates the expression of pro-
apoptotic proteins has been characterized
extensively (Ham et al., 2000). Accumulat-
ing evidence suggests that in addition to
transcription-dependent mechanisms, JNK also directly activates
the cell death machinery (Tournier et al., 2000; Lei et al., 2002);
however, the connections between JNK and the cell death machinery
remain to be elucidated. Our results in this study suggest that JNK
phosphorylation of Bimy, at serine 65 promotes Bimg, -mediated
apoptosis. We have shown previously that JNK phosphorylates and
thereby activates the BH3-only protein Bad (Donovan et al., 2002).
Together, our findings suggest that BH3-only proteins are critical
targets of JNK, the phosphorylation of which directly activates apo-
ptotic machinery.

The mechanism by which JNK-mediated phosphorylation
leads to the activation of Bimy; remains to be characterized. In
non-neuronal cells, Bim has been shown to be bound to dynein
light chain (DLC1) and thereby sequestered to the cytoskeleton
(Puthalakath et al., 1999). Apoptotic stimuli thus are believed to
cause the disruption of the Bim—DLCI complex, thereby allow-
ing Bim to function at the mitochondria. UV-activated JNK cat-
alyzes the phosphorylation of exogenous Bim; at threonine 56,
which lies within the DLC1-binding motif, thereby releasing Bim
from DLC1 (Lei and Davis, 2003); however, a role for DLC1 in
the regulation of BimEL function in neuronal cells remains un-
clear. The primary site of Bimy, localization in neurons appears
to be the mitochondria, and the JNK-induced phosphorylation of
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-induced apoptosis activates the JNK-dependent phosphorylation of Bimg, and is dependent on Bimy,. 4,
PC12 cells were infected with p75 "™ or control adenovirus (LacZ) together with either 5 or 15 MOI of JBD-JIP (J) or control (L)
adenovirus. Lysates were immunoblotted with phospho65-Bim or Bim antibody. Aspecific bands recognized by the phospho65-
Bim antibody are indicated with an asterisk. B, Lysates of PC12 cells transfected with increasing amounts of control vector (U6),
Bimg, RNA interference plasmid (Bim RNAi), or control RNAi plasmid (Cdk2 RNAi) were immunoblotted with the Bim (top panel),
p42 MAP kinase (ERK1/2; middle panel), or actin antibody (bottom panel). ¢, PC12rtta cells were transfected with the indicated
plasmids and subsequently infected with p75 "™ (p75) or control adenovirus (LacZ). Twenty-four hours after infection, cells were
fixed and immunostained for cleaved caspase-3. Double asterisk indicates a difference of p << 0.001 between p7
pCDNA3-transfected cells (bar 8) and mock or LacZ-infected cells (bars 1-7), and p75 ""-infected, U6-transfected cells (bar 11)
and Bim RNAi-transfected cells (bar 12). Single asterisk indicates a difference of p < 0.05 between p75 "™ -infected, p(DNA3-
transfected cells (bar 8) and Bim, S65A-transfected cells (bar 10), as determined by ANOVA.
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Bimy; has not been shown to alter Bimy; localization (Putcha et
al., 2003) (E. B. E. Becker and A. Bonni, unpublished data). To-
gether, these data suggest that JNK activates Bimy; in neuronal
cells by a mechanism other than the release of Bimg; from the
cytoskeleton. Current investigations are underway to character-
ize the mechanism by which the phosphorylation of Bimy, at
serine 65 promotes the apoptotic function of Bimg;.

In our studies of regulation of Bad, we found that JNK-
induced phosphorylation of Bad at serine 128 opposes Akt-
inhibition of Bad-mediated apoptosis (Donovan et al., 2002;
Konishi et al., 2002). In an analogous manner, our results ob-
tained in survival assays performed in primary neurons support
the hypothesis that JNK-induced phosphorylation of Bimy; at
serine 65 promotes the apoptotic function of Bimg, in neuronsin
part by opposing Akt-promoted cell survival. Insulin, a survival
signal that robustly induces Akt (Dudek et al., 1997), blocked
wild-type Bimg,; but not Bimg; S65D-mediated cell death in gran-
ule neurons (Fig. 4 B), suggesting that JNK-induced phosphory-
lation of Bimy, at serine 65 counteracts Akt-mediated neuronal
survival. The mechanisms underlying the antagonism of Akt and
the JNK-Bimy, signaling pathway remain to be characterized.
Akt has been reported to inhibit the activation of JNK in neurons
by interacting with JIP1 (Kim et al., 2002), raising the possibility
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that Akt might inhibit JNK-induced phosphorylation of Bimy, at
serine 65. An alternative interpretation of our results is that the
serine 65 phosphorylation might counteract the ability of an
insulin-induced survival signal to directly inhibit Bimy, -induced
apoptosis.

Although we focus in this study on the phosphorylation of
Bimg; by JNK, the p38MAPK signaling pathway might also play a
role in phosphorylating Bimy; at serine 65. Similar to JNK,
P38MAPK has been reported to be involved in a number of neu-
ronal cell death paradigms, including growth factor withdrawal
and exposure to glutamate (Mielke and Herdegen, 2000; Harper
and LoGrasso, 2001). It will be interesting to determine whether
the JNK and p38MAPK signaling pathways have overlapping
functions in phosphorylating Bimg, at serine 65 under the same
apoptotic conditions or whether distinct stimuli activate these
signaling pathways to differentially induce the phosphorylation
of Bimy; .

One cell death trigger that is specifically associated with the
activation of JNK is activation of the neurotrophin receptor
p75™™® (Harrington et al., 2002). In contrast to other extrinsic
cell-death receptor pathways, p75~"® activation does not induce
caspase-8 and subsequent cleavage of Bid, but p75™"® has been
suggested to directly activate the cell-intrinsic apoptotic machin-
ery at the mitochondria (Roux and Barker, 2002). In this study,
we show that overexpression of p75™'™ induces the JNK-
mediated phosphorylation of Bimg, at serine 65 and thereby trig-
gers apoptosis. We have found recently that the p75~N"®-JNK
pathway also stimulates the phosphorylation of Bad at serine 128
and thus activates Bad-mediated apoptosis (Bhakar et al., 2003).
Therefore, we propose that one mechanism by which activation
of p75N™® leads to apoptosis is the JNK-mediated direct phos-
phorylation of BH3-only proteins. Consistent with our results,
Putcha et al. (2003) found that Bimy, is phosphorylated down-
stream of the JNK signaling pathway in neurons; however,
whereas Putcha et al. (2003) focused on the phosphorylation of
Bimyg; after trophic factor withdrawal, we here provide evidence
that Bimy,_is phosphorylated after activation of p75™'¥, thereby
linking this cell-death receptor pathway directly to the cell-
intrinsic apoptotic machinery.

p75N"® has been implicated in several neuropathological con-
ditions, including focal ischemia, stroke, axotomy, and neurode-
generative disorders (Dechant and Barde, 2002). It will be inter-
esting to determine whether the JNK-induced phosphorylation
of Bimy; at serine 65 contributes to neuronal cell loss under these
neuropathological conditions.
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