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JNK-Mediated BIM Phosphorylation
Potentiates BAX-Dependent Apoptosis

drial proteins, such as cytochrome c (cyt c ) and Smac/
Diablo, for caspase activation, whereas extrinsic path-
way signals usually activate caspases more directly but
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may engage the mitochondrial pathway for amplifica-Anna C. Maroney,2 and Eugene M. Johnson, Jr.1,*
tion. BCL-2 proteins function at a critical checkpoint in1Department of Neurology and
the intrinsic pathway to regulate mitochondrial perme-Department of Molecular Biology
ability. Antiapoptotic members (e.g., BCL-2 and BCL-and Pharmacology
XL) prevent—and multidomain proapoptotic membersWashington University School of Medicine
(e.g., BAX and BAK) promote—release of mitochondrialSaint Louis, Missouri 63110
apoptogens.2 Cephalon Incorporated

Recognized more recently within the BCL-2 family isWest Chester, Pennsylvania 19380
a subfamily of proapoptotic molecules that share homol-3 Biochemistry Section
ogy only within the BH3 domain. These “BH3-only” pro-Surgical Neurology Branch
teins (e.g., BAD, BID, BIM, and HRK) transduce deathNational Institute of Neurological
signals to the mitochondrial checkpoint, culminating inDisorders and Stroke
BAX-, BAK-, and/or BOK-dependent release of mito-National Institutes of Health
chondrial apoptogens. Regulation of BH3-only proteinsBethesda, Maryland 20892
is complex and can vary in a cell type- and stimulus-4 Upstate, USA
specific manner, as exemplified by BIM, whose proapo-Lake Placid, New York 12946
ptotic activity is modulated at multiple levels: transcrip-
tional, posttranscriptional, and posttranslational.

Transcriptional control of BIM involves contributions
Summary from the mixed-lineage kinase (MLK)/c-Jun N-terminal

kinase (JNK) (Harris and Johnson, 2001; Putcha et al.,
Trophic factor deprivation (TFD) activates c-Jun N-ter- 2001; Whitfield et al., 2001), phosphatidylinositol-3-
minal kinases (JNKs), culminating in coordinate AP1- kinase (PI3K)/Akt (Dijkers et al., 2000, 2002), and Ras/
dependent transactivation of the BH3-only BCL-2 pro- mitogen-activated protein kinase (MAPK) pathways
teins BIMEL and HRK, which in turn are critical for (Putcha et al., 2001; Shinjyo et al., 2001) (see Discus-
BAX-dependent cytochrome c release, caspase acti- sion). Furthermore, the observation that expression of
vation, and apoptosis. Here, we report that TFD caused BIMEL predominates at the protein level despite coex-
not only induction but also phosphorylation of BIMEL. pression of multiple transcripts (i.e., BimEL, BimL, and
Mitochondrially localized JNKs but not upstream BimS) potentially suggests a role for posttranscriptional
activators, like mixed-lineage kinases (MLKs) or mito- regulation of BIM (Putcha et al., 2001). Finally, in other
gen-activated protein kinase kinases (MKKs), specifi- cell types that express BIM constitutively, its activity
cally phosphorylated BIMEL at Ser65, potentiating its is regulated posttranslationally by sequestration to the
proapoptotic activity. Inhibition of the JNK pathway microtubular dynein motor complex through interaction
attenuated BIMEL expression, prevented BIMEL phos- with DLC1/LC8 (Puthalakath et al., 1999).
phorylation, and abrogated TFD-induced apoptosis. Recently, we reported that TFD significantly induces
Conversely, activation of this pathway promoted BIMEL expression of BIMEL genetically upstream of (or in paral-
expression and phosphorylation, causing BIM- and BAX- lel with) the BAX/BCL-2 and caspase checkpoints in
dependent cell death. Thus, JNKs regulate the proapo- multiple neuronal populations in vivo and in vitro, includ-
ptotic activity of BIMEL during TFD, both transcription- ing sympathetic (SCG) and cerebellar granule (CG) neu-
ally and posttranslationally. rons (Putcha et al., 2001). Moreover, Bim deficiency de-

lays but does not prevent cyt c release (Putcha et al.,
2001) and TFD-mediated neuronal apoptosis (Putcha etIntroduction
al., 2001; Whitfield et al., 2001), suggesting that BIM
shares functional redundancy with other BH3-only pro-Programmed cell death (PCD) culminating in apoptosis
teins (e.g., HRK) induced with similar kinetics in these

is an evolutionarily conserved and genetically regulated
cells (Imaizumi et al., 1997; Harris and Johnson, 2001).

process that is critical to normal development and tissue
In contrast, targeted deletion of other BH3-only proteins

homeostasis. Defects in cell death may contribute to (i.e., Bid and Bad) does not alter the kinetics or extent
pathologies ranging from oncogenesis and autoimmu- of TFD-induced apoptosis in these paradigms (Putcha
nity to infertility and neurodegeneration. et al., 2002). Finally, cell death caused by ectopic overex-

In mammals, apoptotic signaling cascades can be pression of BH3-only proteins (e.g., BID, BIM, or HRK)
divided into two broad categories: the “intrinsic” (i.e., requires BAX in CG neurons (Harris and Johnson, 2001;
apoptosome) and the “extrinsic” (i.e., death receptor Putcha et al., 2002).
and perforin/granzyme) pathways. As a generalization, In the course of performing these studies, we ob-
intrinsic pathway stimuli require the release of mitochon- served changes in the migration pattern of BIMEL during

TFD. We now report that TFD caused not only induction
but also concurrent phosphorylation of BIMEL in SCG*Correspondence: emjohnson@msnotes.wustl.edu
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and CG neurons. Mitochondrially localized JNKs but not locarbazole of the K252a family that selectively inhibits
MLKs (Maroney et al., 2001), not only decreased BIMELtheir upstream activators MLKs or MKKs phosphory-

lated BIMEL at Ser65, potentiating its cytotoxicity without induction (Harris and Johnson, 2001; Putcha et al., 2001)
but also prevented BIMEL phosphorylation in both SCGaltering its subcellular distribution or integration into

mitochondrial membranes. Inhibition of the MLK/JNK (Figure 1E) and CG neurons (data not shown). Similarly,
the anthrapyrazole JNK inhibitor SP600125 (Bennett etpathway by either molecular genetic or pharmacological

means attenuated BIMEL induction, prevented BIMEL al., 2001; Han et al., 2001) also prevented hyperphos-
phorylation of BIMEL (Figure 1F). Interestingly, treatmentphosphorylation, and abrogated apoptosis caused by

TFD. Conversely, activation of this pathway promoted with either CEP-1347 or SP600125 was associated with
loss of only the most hyperphosphorylated BIMEL bandBIMEL expression and phosphorylation, causing cell

death that required BAX alone, despite coexpression of (Figure 1E, compare lanes 3 and 4; Figure 1F, compare
lanes 2 and 3), whereas treatment of extracts with CIAPBAK. Thus, JNKs regulated BIMEL function during TFD-

induced apoptosis at two distinct levels: transcriptional shifted both hyperphosphorylated BIMEL bands to the
hypophosphorylated form (Figure 1E, lanes 2 and 5),and posttranslational.
consistent with the possibility that kinases other than
those of the MLK/JNK pathway may also contribute to
BIMEL phosphorylation. In sum, these data indicate that,Results
during TFD in SCG and CG neurons, the MLK/JNK path-
way contributes not only to induction but also to phos-Trophic Factor Deprivation Induces MLK/JNK

Pathway-Mediated BIM Phosphorylation phorylation of BIM.
TFD in rat SCG or CG neurons caused induction of en-
dogenous BIMEL, which typically migrated as a triplet of Phosphorylation of BIM Potentiates
�24�26 kDa when examined by immunoblot analysis Its Proapoptotic Activity
in either SCG (Figure 1A) or CG neurons (Figure 1B). As described above, TFD caused BIMEL induction and
(For SCG neurons, these experiments were conducted phosphorylation (Figure 1). Moreover, treatment of NGF-
in the presence of the broad-spectrum caspase inhibitor deprived SCG or K�-deprived CG neurons with CEP-
BAF; for CGNs, the studies were done with neurons 1347 or SP600125 partially inhibited BIMEL induction
from Bax�/� mice. In both cases, these experimental (Harris and Johnson, 2001; Putcha et al., 2001) but com-
conditions were chosen to allow “early” signaling events pletely prevented appearance of the most hyper-
genetically upstream of the BAX/BCL-2 and caspase phosphorylated BIMEL band (Figures 1E and 1F). Finally,
checkpoints to occur, while preventing cell death.) To CEP-1347 inhibits TFD-induced apoptosis in both SCG
determine whether these additional bands represented (Maroney et al., 1999; Harris et al., 2002a) and CG neu-
phosphorylated BIMEL, we treated whole-cell lysates rons (Trotter et al., 2002; Harris et al., 2002b). Therefore,
from NGF-deprived SCG (Figure 1C) or K�-deprived CG we hypothesized that phosphorylation of BIMEL en-
neurons (Figure 1D) with calf intestine alkaline phospha- hances its cytotoxicity.
tase (CIAP). As shown in Figures 1C and 1D, the more To test this hypothesis and to identify the phosphory-
slowly migrating bands were eliminated by treatment lation site(s) in BIMEL, we performed site-directed muta-
with CIAP but not by treatment with buffer alone, coinci- genesis, in which certain sites were mutated to Glu or
dent with a shift to (and increased intensity of) the faster Ala to mimic constitutive phosphorylation and dephos-
migrating band. phorylation, respectively. We chose to target three sites

In contrast, CIAP did not alter the band pattern of conforming to the MAPK consensus sequences S/T-P
BCL-2, which migrated as a singlet as seen previously or P-X-S/T-P for Pro-directed Ser/Thr kinases within the
(Putcha et al., 2002), or BCL-XL, which typically migrated sequence unique to BIMEL (residues 42–97), for several
as a doublet of �27 kDa, consistent with amidation of reasons. First, CEP-1347 and SP600125, which inhibit
BCL-XL (Deverman et al., 2002). Furthermore, as addi- the MLK/JNK pathway (consisting of MAPKs), prevented
tional controls for CIAP activity, we probed for phospho- BIMEL phosphorylation (Figures 1E and 1F). Second, al-
cJun Ser63 (P-Jun), which increases in intensity with though phosphorylation of BIML has been reported, its
TFD, and phospho-Akt Ser473 (P-Akt), which decreases functional significance remains unclear (Shinjyo et al.,
with TFD. In both SCG and CG neurons, treatment with 2001), suggesting that phosphorylation sites common
CIAP but not with buffer alone eliminated phospho-spe- to BIMEL and BIML may not affect activity. Finally, the
cific antibody immunoreactivity. Taken together with three sites (and surrounding consensus sequences) we
similar findings in mouse SCG and CG neurons, as well chose to mutate within the unique BIMEL sequence—
as human 293 (data not shown) and SAOS-2 cells (B. Ser55, Ser65, and Ser73—are strictly conserved among
Deverman and S. Weintraub, personal communication), humans, rats, and mice (Figures 2A and 2B).
these observations indicate that endogenous BIMEL was To assess the effects of alanine mutagenesis of these
phosphorylated. residues on the electrophoretic migration and function

Since our initial report describing BIM induction dur- of BIM, we first examined lysates from 293 cells tran-
ing neuronal apoptosis (Putcha et al., 2001), we have siently transfected with wild-type (wt) BimEL or various
been examining the contributions of three important mutants with antibodies to BIM and to the EE epitope
signaling modules—MLK/JNK, PI3K/Akt, and Ras/MEK— tag. Overexpression of BimEL wt recapitulated the altered
to BIM transcription (see Discussion). In the process of migration pattern of endogenous BIMEL seen with TFD
conducting these studies, we observed that attenuation in neurons; moreover, CIAP treatment of extracts from

293 cells overexpressing BimEL wt eliminated hyper-of MLK/JNK signaling with CEP-1347 (KT7515), an indo-
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Figure 1. Trophic Factor Deprivation Induces MLK/JNK Pathway-Mediated BIMEL Phosphorylation

(A) SCG neurons (5 days in vitro, DIV5) were maintained in NGF or deprived of NGF in the presence of 50 �M BAF for the indicated times,
lysed, and then examined by immunoblotting.
(B) DIV7 Bax�/� CGNs were maintained in K25 � S or in K5 � S for the indicated times, lysed, and analyzed by Western blotting.
(C) DIV5 SCG neurons were maintained in NGF (lane 1) or deprived of NGF in the presence of 50 �M BAF (lanes 2�4) for 24 hr, lysed, treated
with calf intestinal alkaline phosphatase (CIAP) (lane 3) or buffer (lane 4), and examined by immunoblotting.
(D) DIV7 Bax�/� CGNs were maintained in K25 � S or K5 � S for 24 hr, lysed, treated with CIAP or buffer, and examined by Western blotting.
(E) DIV5 SCG neurons were maintained in NGF (lane 1) or deprived of NGF in the presence of 50 �M BAF (lanes 2 and 3) or 400 nM CEP-
1347 (lanes 4 and 5). After 24 hr, whole-cell extracts were prepared, treated with CIAP (lanes 2 and 5) or buffer (lanes 3 and 4), and analyzed
by immunoblotting.
(F) DIV5 SCG neurons were maintained in NGF (lane 1) or deprived of NGF in the presence of 50 �M BAF (lane 2) or 14 �M SP600125 (lane
3). After 24 hr, whole-cell extracts were prepared and analyzed by Western blotting.

phosphorylated BIMEL bands (data not shown). Further- (Figure 2C), suggesting that mutation of the Ser65 site
alone might be sufficient to attenuate BIMEL phosphory-more, sequential S→E mutation of residues 65, 55, and

73 produced progressively slower migrating forms of lation.
We next examined the functional significance ofBIMEL (Figure 2C), and immunoblot analysis of extracts

prepared from 293 cells overexpressing any of the S→A changes in BIMEL phosphorylation in K25 � S-main-
tained CGNs, a CNS model of activity-dependent sur-mutants demonstrated only hypophosphorylated BIMEL
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Figure 2. Phosphorylation of BIMEL Potentiates Its Proapoptotic Activity

(A) Amino acid sequence of murine BIMEL showing the conserved LC8 binding domain (LBD), BH3 domain (BH3), and predicted hydrophobic
region, as well as the region unique to BIMEL (residues 42–97; underlined). Asterisks indicate the residues selected for site-directed mutagenesis.
(B) Schematic representation of the mutations introduced into BIMEL.



JNK-Induced Apoptosis Requires BIM and BAX
903

vival in the CNS, in which BIMEL phosphorylation occurs cally upstream of (or in parallel with) the BAX/BCL-2 and
caspase checkpoints.(Figures 1B and 1D). First, we cotransfected CGNs with

EGFP and BimEL wt or tBid in the presence or absence
of the MLK inhibitor CEP-1347 or the JNK inhibitor Phosphorylation of BIM Does Not Alter Its

Subcellular Localization or IntegrationSP600125 and assessed cell survival (as indicated by
the number of EGFP-positive cells). As shown in Figure into Mitochondrial Membranes

The sequestration of cell death effectors within distinct2D, both CEP-1347 and SP600125 attenuated cell death
caused by overexpression of BimEL wt but not tBid, sug- subcellular compartments has recently emerged as a

common theme in the regulation of apoptosis. For exam-gesting that the MLK/JNK-dependent phosphorylation
of BIMEL modulated its proapoptotic activity. Moreover, ple, in some nonneuronal cells, interaction with DLC1/

LC8 sequesters BIMEL to the microtubular dynein motorCEP-1347 did not inhibit cell death caused by overex-
pression of BimEL 1E, 2E, or 3E (Figure 2E). Second, we complex until certain apoptotic stimuli, such as UV irra-

diation or taxol, cause release of the BIMEL-LC8 com-cotransfected CGNs with EGFP and wt or mutant BimEL

and assessed cell survival at multiple time points there- plex, allowing it to translocate to mitochondria and inac-
tivate BCL-2 (Puthalakath et al., 1999). In SCG neurons,after. As shown in Figures 2F and 2G, Bim S65E was

more cytotoxic than Bim wt, which in turn was more induced BIMEL always localizes to mitochondria as an
integral membrane protein (Putcha et al., 2001). Wecytotoxic than Bim S65A, at each time point examined.

Of note, no statistically significant difference occurred therefore hypothesized that the phosphorylation of
BIMEL may alter its proapoptotic activity by changing (1)among the S65A (Bim 1A), S55A-S65A (Bim 2A), and

S55A-S65A-S73A (Bim 3A) mutants or among the S65E its subcellular localization or (2) its integration into the
outer mitochondrial membrane.(Bim 1E), S55E-S65E (Bim 2E), and S55E-S65E-S73E

(Bim 3E) mutants, at either 24 (Figure 2G) or 48 hr (data We tested this hypothesis using several approaches.
First, we examined COS-7 cells expressing YFP-Bim wt,not shown). However, at each time point, the S→E mu-

tants were more cytotoxic than Bim wt, which in turn YFP-Bim 3A, and YFP-Bim 3E, using confocal micros-
copy. In each case, BIM colocalized with Mitotracker towas more cytotoxic than the S→A mutants (Figures 2F,

2G, and data not shown), indicating that BIMEL phos- mitochondria. We also observed no significant differ-
ences in this mitochondrial localization in either thephorylation enhances its proapoptotic activity. Finally,

in separate experiments, neither the kinetics nor the presence or absence of 1.2 �M staurosporine (STS).
(Figures 3A and 3B show representative images.) Next,extent of cell death induced by Bim S73E differed from

that caused by Bim wt (Figure 2F). The observation that we transiently transfected 293 cells with Bim wt, Bim
3A, or Bim 3E and examined the subcellular localizationall of the Glu mutants were equally more cytotoxic than

BIMEL wt and that all of the Ala mutants were equally of BIMEL by using subcellular fractionation. Moreover,
to determine whether BIMEL associated with mitochon-less cytotoxic than BIMEL wt again suggests that Ser65

was a critical site for phosphorylation-dependent modu- dria is integrated into mitochondrial membranes, we
performed alkali extraction of the mitochondrial frac-lation of BIMEL-mediated apoptosis.

Cell death caused by ectopic overexpression of tBid, tions. As shown in Figure 3C, neither the S→A nor the
S→E mutations altered the mitochondrial localization ofBim, or Hrk in CGNs requires BAX (Harris and Johnson,

2001; Putcha et al., 2002). To determine whether cell BIM or its integration into mitochondrial membranes.
Finally, we obtained similar results for endogenousdeath induced by the most potent (i.e., the S→E) BIMEL

mutants remains BAX dependent, we cotransfected BIMEL when we performed subcellular fractionation with
alkali extraction in NGF-maintained, NGF-deprived/Bax�/� CGNs with EGFP and Bim 1E, Bim 2E, Bim 3E,

tBid, Bax, or pcDNA3.1. As shown in Figure 2H, only BAF-treated, and NGF-deprived/CEP-treated SCG neu-
rons (Figure 3D). Taken together, these observationsreintroduction of Bax killed Bax�/� CGNs, indicating that

cell death induced by overexpression of Bim 1E, 2E, indicate that phosphorylation of BIMEL did not alter its
subcellular localization or integration into mitochondrialor 3E (or tBid) still requires BAX, consistent with our

observation that BIMEL phosphorylation occurs geneti- membranes.

(C) 293 cells were transiently transfected with BimEL wt or the indicated BimEL mutants. After 48 hr, extracts were prepared and examined by
immunoblotting. For abbreviations for mutants (i.e., 1A, 2A, etc.), see panel (B).
(D) DIV5 rat CGNs were cotransfected with EGFP and the indicated vector. Immediately after transfection, cells were switched to K25 � S
medium containing 0.1% DMSO, 1.3 �M CEP-1347, or 14 �M SP600125. The number of GFP-positive cells was counted at the indicated time
points and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–6 from two independent experiments (*p �

0.001 versus wt � DMSO).
(E) DIV5 rat CGNs were cotransfected with EGFP and the indicated vector. Immediately after transfection, cells were switched to K25 � S
medium containing 0.1% DMSO or 1.3 �M CEP-1347. The number of GFP-positive cells was counted at the indicated time points and
expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–6 from two independent experiments (*p � 0.001 versus
wt � DMSO; §p � 0.024).
(F) DIV5 rat CGNs were cotransfected with EGFP and the indicated vector. The number of GFP-positive cells was counted at the indicated
time points and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SEM, n � 3 (*p � 0.001 versus wt; §p � 0.002).
(G) DIV5 rat CGNs were cotransfected with EGFP and the indicated vector. The number of GFP-positive cells was counted at 24 hr and
expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SEM, n � 3 (*p � 0.001 versus BimEL wt; §p � 0.008).
(H) DIV5 CGNs from Bax�/� or Bax�/� mice were cotransfected with EGFP and the indicated vector. The number of GFP-positive cells was
counted 48 hr later and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–4 from two independent
experiments (*p � 0.001, Bax�/� versus Bax�/�).
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Figure 3. Phosphorylation of BIMEL Does Not
Alter Its Subcellular Localization or Integra-
tion into Mitochondrial Membranes

(A) COS-7 cells were transfected with YFP-
BimEL wt, YFP-BimEL 3A, or YFP-BimEL 3E and
visualized by using confocal microscopy.
Since no differences were observed in the
subcellular distribution of the different con-
structs in the presence or absence of 1.2 �M
staurosporine, a representative image of un-
treated YFP-BimEL wt-transfected cells is
shown. n, nucleus.
(B) Mitotracker staining in same field as (A).
(C) 293 cells were transfected with BimEL wt,
BimEL 3A, or BimEL 3E. After 48 hr, the subcel-
lular localization of BIM was examined by
fractionation with alkali extraction by using
0.2 M Na2CO3 (pH 11.5). SDS (1% w/v) served
as a positive control for the extraction of inte-
gral membrane proteins. Lactate dehydroge-
nase (LDH) and cytochrome oxidase subunit
IV (COX IV) served as markers for the purity
of cytosolic (C) and heavy membrane (HM)
fractions, respectively, and as markers for
equal protein loading. HM fractions were ex-
tracted with (1) isotonic buffer, (2) 0.2 M
Na2CO3, or (3) 1% SDS. Resolution of the
slower migrating bands of BIMEL typically ob-
served with transfection of BimEL wt were
less pronounced in this particular experiment
for a variety of technical reasons (e.g., gel
composition).
(D) DIV5 SCG neurons were maintained in
NGF, deprived of NGF in the presence of 50
�M BAF, or deprived of NGF in the presence
of 400 nM CEP-1347 for 30 hr, and the subcel-
lular localization of BIM was examined by
fractionation with alkali extraction as in (C).
Of note, consistent with its inhibition of BIM
and HRK induction, CEP-1347 prevented
BAX translocation and integration into mito-
chondrial membranes as predicted by the dy-
namic equilibrium model of protein transloca-
tion (Putcha et al., 2002).

Mitochondrially Localized JNKs but Not Their of 32P incorporated into BIMEL 3A versus BIMEL wt (Fig-
ures 4B and 4C). Moreover, the electrophoretic mobilityUpstream Activators MLKs or MKKs

Phosphorylate BIM of BIMEL decreased when JNKs were incubated with
BIMEL wt as compared with BIMEL 3A (Figure 4A andBecause the MLK/JNK pathway inhibitors CEP-1347

and SP600125 prevented phosphorylation of BIMEL (Fig- data not shown), consistent with phosphorylation. Thus,
JNK1-3 but not MLK1-3, MKK4, or MKK7 phosphory-ures 1E, 1F, 3D, and data not shown), we began our

search for the putative BIMEL kinase among the kinases lated BIMEL selectively at Ser55, 65, and/or 73 in vitro,
consistent with our previous observation that either theof this pathway. We performed an in vitro kinase assay

with GST-BIMEL wt and GST-BIMEL 3A to test the follow- MLK inhibitor CEP-1347 or the JNK inhibitor SP600125
prevented BIMEL phosphorylation (Figures 1E and 1F).ing candidate kinases directly: MLK1–3, MKK4, MKK7,

and JNK1–3. All kinases tested were able to phosphory- Since the cell death assays in CGNs (Figures 2F and
2G) strongly suggested that Ser65 was a critical site forlate themselves (Figure 4A), indicating activity in the

kinase reactions, and the identity of the GST-BIMEL band phosphorylation-dependent modulation of BIM-medi-
ated proapoptotic activity, we examined whether JNK-was confirmed by immunoblotting (data not shown).

MKK7 did not phosphorylate BIMEL wt, whereas MLK1-3 mediated phosphorylation of BIMEL exhibited similar site
specificity in the in vitro kinase assay. As shown in Fig-and MKK4 phosphorylated BIMEL wt, but showed no

selectivity for Ser55, 65, and/or 73 (i.e., wt and 3A equally ure 4C, 32P incorporation was decreased significantly
(�70%–80%) in the Ala mutants as compared with BIMELphosphorylated). In contrast, JNK1, JNK3, and to a

lesser extent, JNK2 demonstrated significant selectivity wt, consistent with our previous results (Figures 4A and
4B) demonstrating that JNKs specifically phosphorylatefor these sites, with a 70%–85% decrease in the amount
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BIMEL at Ser55, 65, and/or 73. Moreover, the extent of were then maintained in K25 � S or switched to K5 � S,
and the number of GFP-positive cells were counted byreduction of 32P incorporation was equivalent among the

1A (S65), 2A (S55/S65), and 3A (S55/S65/S73) mutants, a naı̈ve observer. As shown in Figure 5, the kinase-
inactive forms of Mlk2, Mlk3, and to a lesser extent,indicating that Ser65 was the site specifically phosphor-

ylated by JNKs, consistent with the functional studies Jnk1 inhibited TFD-induced CGN death, consistent with
recent reports in SCG and CG neurons and neuronalin CGNs (Figures 2F and 2G). In sum, the results from

Figures 1–4 demonstrate that JNKs specifically phos- PC12 cells (Mota et al., 2001; Xu et al., 2001; Trotter et
al., 2002). Thus, inhibition of the MLK/JNK pathway byphorylated BIMEL at Ser65, enhancing its proapoptotic

activity. both molecular genetic and pharmacological ap-
proaches significantly attenuates CGN apoptosis afterFinally, since BIMEL localizes primarily, if not exclu-

sively, to mitochondria in NGF-deprived SCG neurons, trophic factor withdrawal.
we examined the subcellular distribution of components
of the MLK/JNK signaling pathway by subcellular frac- Neuronal Cell Death Induced by Activation
tionation in NGF-maintained, NGF-deprived/BAF-treated, of the MLK/JNK Pathway Requires
and NGF-deprived/CEP-treated SCG neurons. As shown BIM and BAX but Not BID
in Figure 4D, MLK3, MKK7, and JIP3 were found in the Many cell death stimuli, including TFD, activate the MLK/
heavy membrane fraction enriched in mitochondria, JNK pathway; overexpression of kinases of this signal-
while total and phospho-JNK were cytosolic, nuclear, ing module induces cyt c release, caspase activation,
and mitochondrial (Figure 4D and data not shown). and cell death in neuronal PC12 cells and SCG neurons
Although MKK4 also localized to mitochondria and (Mota et al., 2001; Xu et al., 2001). Moreover, since ki-
translocated to the nucleus with NGF withdrawal, phos- nase-inactive mutants of MLKs, MKK4, and JNK1 atten-
pho-MKK4 appeared only in the nucleus with TFD, sug- uated TFD-induced apoptosis in CGNs (Figure 5 and
gesting that MKK7, not MKK4, mediates activation of data not shown), we sought to characterize cell death
mitochondrial JNKs, leading to BIMEL phosphorylation. induced by transient transfection of wild-type Mlk2,
Moreover, the observation that CEP-1347 inhibits phos- Mlk3, Mkk4, Mkk7, or Jnk1 in K25 � S-maintained rat
phorylation and nuclear translocation of MKK4 suggests CGNs. As shown in Figures 6 and 7, overexpression of
that phosphorylation modulates its subcellular localiza- any of these kinases caused cell death in CGNs, even
tion as with other MAPKs (Khokhlatchev et al., 1998). In in the presence of K25 � S, overriding any endogenous
sum, these data indicate that components of the MLK/ antiapoptotic signals.
JNK signaling cascade are appropriately localized to Our finding that overexpression of wild-type Jnk1-,
mediate BIM phosphorylation. Mkk4-, or Mkk7-induced cell death in CGNs may appear

Of interest, we found some c-Jun and P-cJun associ- to conflict with a recent report showing that wild-type
ated with the mitochondrial fraction of NGF-deprived Jnk1 does not kill CHO cells (Lei et al., 2002); however,
SCG neurons, consistent with other recent reports of several technical points may explain these observations.
mitochondrial localization of active AP-1 complexes First, unlike most, if not all, nonneuronal cells, CGNs
(Haase et al., 1997; Ogita et al., 2002). Although the (and CNS neurons more generally) possess very high
majority of P-cJun clearly resides in the nucleus, it is constitutive JNK and MKK activity (Xu et al., 1997; Eilers
intriguing to speculate whether this observation reflects et al., 1998; Coffey et al., 2000, 2002). Second, in these
a genuine extranuclear role for c-Jun either in mitochon- neurons, transfection itself causes some activation of
drial gene expression (Ogita et al., 2002) or in proapo- the MLK/JNK pathway, consistent with the cytoprotec-
ptotic signaling at mitochondria (Li et al., 2000). tive effects of CEP-1347, SP600125, and kinase-inactive

Finally, to examine further the site specificity of BIMEL mutants of Mlk2, Mlk3, Mkk4, and Jnk1 in pcDNA3.1-
phosphorylation, we generated a phospho-specific anti- transfected CGNs (Figures 2D, 2E, 5, and data not
body that recognizes phospho-Ser65 BIMEL (P-BIM). shown). Finally, transfection of these neurons requires
This antibody detected recombinant BIMEL phosphory- incubation of the cells in serum-free medium for 1.5–3
lated in vitro by JNKs (Figure 4E) at Ser65 (Figure 4F), hr, which in itself causes activation of the MLK/JNK
as well as endogenous BIMEL phosphorylated during pathway (Miller et al., 1997a; Eilers et al., 1998; Coffey
TFD in SCG neurons in a CEP-inhibitable manner (Fig- et al., 2002). In sum, these findings explain why overex-
ure 4G). pression of wild-type Jnk1, Mkk4, or Mkk7 induces cell

death in CGNs. Moreover, taken together with the afore-
mentioned reports, our observations suggest that thisInhibition of MLK/JNK Signaling Attenuates

TFD-Induced Apoptosis susceptibility may characterize CNS neurons more gen-
erally, revealing a potentially clinically important differ-CEP-1347-mediated inhibition of the MLK/JNK pathway

prevents NGF deprivation-induced apoptosis long-term ence between these neurons and other cells.
We also evaluated further the specificity of the MLK/in SCG neurons (Maroney et al., 1999; Harris et al.,

2002a) and significantly attenuates TFD-induced CGN JNK pathway inhibitor CEP-1347. CEP-1347 selectively
inhibits MLKs but not several other kinases (e.g.,death (Trotter et al., 2002; Harris et al., 2002b). To evalu-

ate further the contributions of MLKs and JNKs to tro- MEKK1, TPL-2, ASK1, MKK4, and MKK7) in various in
vitro assays (Maroney et al., 2001; Xu et al., 2001). Basedphic factor withdrawal-induced cell death in rat CGNs,

we transiently cotransfected K25 � S-maintained CGNs on these findings, we hypothesized that CEP-1347
should inhibit CGN cell death caused by MLKs but notwith EGFP and previously characterized (Xu et al., 2001)

kinase-inactive versions of Mlk2 (K125A), Mlk3 (K144R), by downstream kinases, such as MKK4, MKK7, and
JNK1. Therefore, we cotransfected 5 days in vitro (DIV),Mkk4 (K113A), and Jnk1 (K55A). After 48 hr, the cells
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Figure 4. Mitochondrially Localized JNKs but Not Their Upstream Activators MLKs or MKKs Phosphorylate BIMEL at Ser65

(A) BIMEL wt (BIM) or S55A/S65A/S73A (3A) was incubated with MLK1 (lanes 1–3), MLK2 (lanes 4–6), MLK3 (lanes 7–9), MKK4 (lanes 10–12),
MKK7 (lanes 13–15), JNK1 (lanes 16–18), JNK2 (lanes 19–21), or JNK3 (lanes 22–24) together with [�-32P]ATP for an in vitro kinase assay. The
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pathway, including Mlk2, Mkk4, and Jnk1 (data not
shown).

Taken together with previous studies (Harris and
Johnson, 2001; Putcha et al., 2001; Whitfield et al., 2001),
our current findings implicate BH3-only proteins, such
as BIM and HRK, as two likely targets, which function
genetically upstream of the BAX/BCL-2 checkpoint to
induce mitochondrial apoptogen release, caspase acti-
vation, and apoptosis. Therefore, we hypothesized that
maximal cell death caused by activation of the MLK/
JNK pathway requires BIM. To test this hypothesis, we
transiently cotransfected DIV5 CGNs from Bim�/�,
Bim�/�, or Bim�/� mice with EGFP and Mlk2, Mlk3, Mkk4,
or Jnk1 and assessed cell survival over the next 48 hr.
As shown in Figures 7B–7E, Bim deletion, in contrast to
Bid deficiency (Figure 7A), attenuated cell death caused
by overexpression of kinases of the MLK/JNK pathway
in a gene dose-dependent manner.

Figure 5. Inhibition of MLK/JNK Signaling Attenuates TFD-Induced Finally, activation of the MLK/JNK pathway induced
Apoptosis

phosphorylation of BIMEL (Figure 1) and cell death in
DIV5 rat CGNs were cotransfected with EGFP and the indicated

K25 � S-maintained CGNs (Figures 6 and 7A–7E), andvector. After 48 hr, cells were maintained in K25 � S or switched
cell death caused by overexpression of S→E mutantsto K5 � S. Then, the number of GFP-positive cells was counted by
designed to mimic constitutive phosphorylation of BIMELa naı̈ve observer at the indicated time points and expressed as a

percentage of vector (pcDNA3.1)-transfected cells. Mean � SEM, required BAX (Figure 2F). Therefore, we postulated that
n � 3 (*p � 0.001 versus pcDNA3.1, K5 � S; §p � 0.024). cell death caused by activation of the MLK/JNK pathway

requires BAX. To test this hypothesis, we transiently
cotransfected DIV5 CGNs from Bax�/� or Bax�/� mice

K25 � S-maintained rat CGNs with EGFP and Mlk2, with EGFP and Mlk2, Mlk3, Mkk4, Mkk7, or Jnk1 and
Mlk3, Mkk4, Mkk7, or Jnk1 and then added CEP-1347 assessed cell survival 48 hr later. As shown in Figure
to the medium. As shown in Figure 6B, CEP-1347 signifi- 7F, Bax deletion prevented cell death caused by overex-
cantly inhibited cell death caused by Mlk2 and Mlk3 but pression of kinases of the MLK/JNK pathway.
not that induced by Mkk4, Mkk7, or Jnk1.

The mitochondrial substrates for MLK/JNK signaling
remain unknown. Recently, Tournier et al. (2000) pro- Discussion
posed that another BH3-only protein, BID (or tBID), may
mediate proapoptotic signaling by JNKs. Therefore, we JNKs Regulate BIM Transcriptionally

and Posttranslationallytransiently cotransfected DIV5 CGNs from Bid�/� or
Bid�/� mice with EGFP and Mlk3 and assessed cell sur- Based on the current literature and evidence presented

in this paper, two potentially interrelated mechanismsvival over the ensuing 48 hr. As shown in Figure 7A, Bid
deletion did not change the kinetics or extent of cell regulate BIMEL function posttranslationally: sequestra-

tion to microtubules by interaction with LC8 (Puthala-death caused by overexpression of Mlk3. Similar find-
ings were obtained with other kinases of the MLK/JNK kath et al., 1999) and JNK-dependent phosphorylation.

position of GST-BIMEL is indicated on the right (and by asterisks), and the autophosphorylated kinases are indicated by a filled dot to the
right.
(B) Quantification of the 32P incorporation into BIMEL proteins in the kinase assay shown in (A). The percentage of 32P incorporation into BIMEL

3A is expressed relative to that into BIMEL wt, which was set to 100%. Data are the mean � SEM from duplicate samples from two independent
experiments.
(C) BIMEL wt (BIM), S65A (1A), S55A/S65A (2A), or S55A/S65A/S73A (3A) was incubated with JNK1, JNK2, or JNK3 together with [�-32P]ATP
for an in vitro kinase assay, and the 32P incorporation into BIMEL proteins was quantified. The percentage of 32P incorporation into BIMEL 1A,
2A, or 3A is expressed relative to that into BIMEL wt, which was set to 100%. Data are the mean � SEM from duplicate samples from two
independent experiments.
(D) DIV5 SCG neurons were maintained in NGF, deprived of NGF in the presence of 50 �M BAF, or deprived of NGF in the presence of 400
nM CEP-1347 for 30 hr, and the subcellular localization of the indicated proteins was examined by fractionation. (C, cytosol; HM, heavy
membrane; M, microsomes; N, nucleus) Please note that most, if not all, nonnuclear proteins are also present in the “nuclear” fraction because
in this (and most) fractionation protocols, the nuclear fraction contains some intact cells unless further resolved.
(E) Western blot analysis of anti-phospho-BIMEL (Ser65) antibody. Recombinant BIMEL wt was incubated with JNK1 and analyzed by immunoblot-
ting (10 �g loaded per lane) with the indicated antibodies. Note that the anti-phospho-BIM (Ser65) antibody did not recognize unphosphorylated
BIMEL (lane 1) or autophosphorylated JNK (lane 2).
(F) Anti-phospho-BIMEL (Ser65) antibody recognizes BIMEL phosphorylated at Ser65. Recombinant BIMEL wt or S65A was incubated with JNK1
and analyzed by immunoblotting (10 �g loaded per lane) with the anti-phospho-BIMEL (Ser65) antibody. Note that the antibody recognized
phosphorylated BIMEL wt (lane 2) but not the S65A mutant (lane 3).
(G) DIV5 SCG neurons were maintained in NGF, deprived of NGF in the presence of 50 �M BAF, or deprived of NGF in the presence of 400
nM CEP-1347. After 24 hr, BIM was immunoprecipitated; in parallel, whole-cell extracts were prepared. Then immunoprecipitates, supernatants,
and whole-cell lysates were analyzed by Western blotting with the indicated antibodies.
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gions are juxtaposed in the tertiary structure is unknown.
However, one intriguing observation suggests that JNK-
mediated BIMEL phosphorylation and sequestration by
LC8 may not be mutually exclusive regulatory mecha-
nisms: JNK1/2, BIM, and LC8 colocalize to the heavy
membrane fractions enriched for mitochondria (Figure
4D and data not shown).

Several lines of evidence indicate that JNKs phos-
phorylate BIMEL at Ser65. First, activation of the MLK/
JNK pathway occurs with kinetics consistent with the
time course of BIMEL phosphorylation in SCG (Figure 1A)
(Mota et al., 2001) and CG neurons (Figure 1B). Second,
the MLK inhibitor CEP-1347 (Figures 1E and 3D) and
the JNK inhibitor SP600125 (Figure 1F) prevented BIMEL

phosphorylation. Third, recombinant JNK1–3 but not
MLK1–3, MKK4, or MKK7 phosphorylated recombinant
BIMEL selectively at Ser65 (Figures 4A–4C). Fourth, an
anti-phospho-Ser65 antibody reacted specifically with
BIMEL phosphorylated at Ser65 in vitro by JNK1 (Figures
4E and 4F) and during TFD in SCG neurons in a CEP-
inhibitable manner (Figure 4G). Finally, at least in the
paradigms examined, JNKs and their upstream activa-
tors were appropriately localized to mediate BIMEL phos-
phorylation (Figure 4D).

Moreover, several observations demonstrate that the
phosphorylation of BIMEL is a physiologically important
mechanism for enhancing its proapoptotic activity. First,
BIMEL became phosphorylated during TFD in SCG and
CG neurons (Figure 1). Second, abrogation of this phos-
phorylation with the MLK inhibitor CEP-1347 prevented
TFD-induced apoptosis in the former (Maroney et al.,
1999; Harris et al., 2002a) and significantly attenuated
K5 � S-induced cell death in the latter (Trotter et al.,
2002; Harris et al., 2002b). Third, the MLK inhibitor CEP-
1347 and the JNK inhibitor SP600125 both attenuated
cell death induced by overexpression of BimEL wt in
CGNs (Figures 2D and 2E). Fourth, BimEL S65E and S65A,
which mimic constitutive phosphorylation and dephos-Figure 6. Activation of MLK/JNK Signaling Causes Neuronal Cell

Death phorylation, respectively, induced CGN death more and
less efficiently, respectively, than BimEL wt (Figures 2F(A) DIV5 rat CGNs were cotransfected with EGFP and the indicated

vector. The number of GFP-positive cells was counted by a naı̈ve and 2G). Since this death occurred in the presence of
observer at the indicated time points and expressed as a percentage K25 � S, these observations suggest that overexpres-
of vector (pcDNA3.1)-transfected cells. Mean � SEM, n � 3 (*p � sion of BimEL in this setting overcame endogenous anti-
0.001 versus pcDNA3.1). apoptotic signals, such as those provided by PI3K/Akt
(B) DIV5 rat CGNs were cotransfected with EGFP and the indicated

and Ras/MEK. Nonetheless, cell death induced by BimELvector. After transfection, the cells were maintained in K25 � S or
S65E, S55E/S65E, or S55E/S65E/S73E still required theswitched to K25 � S medium containing 1.3 �M CEP-1347. Then,
multidomain proapoptotic BCL-2 protein BAX (Figurethe number of GFP-positive cells was counted by a naı̈ve observer

48 hr later and expressed as a percentage of vector (pcDNA3.1)- 2H), consistent with our earlier findings that BIM func-
transfected cells. Mean � SEM, n � 3 (*p � 0.001, �CEP versus tions genetically upstream of the BAX/BCL-2 and cas-
�CEP). pase checkpoints (Putcha et al., 2001) and suggesting

that overexpression of BimEL in this setting engaged
physiological apoptotic pathways. Further delineation

At least in neurons, the role of LC8 in regulating BIMEL of the relative contributions of transcriptional and post-
function is unknown. First, by subcellular fractionation, translational mechanisms to the regulation of BIM’s pro-
LC8 is distributed in multiple subcellular compartments apoptotic activity will require generation of mutant ani-
in both NGF-maintained and -deprived SCG neurons mals (e.g., S65A “knockin” mice).
(Figure 4D), consistent with previous reports (Puthala- The mechanism(s) by which phosphorylation affects
kath et al., 1999). In contrast, when induced in these the proapoptotic activity of BIMEL is unclear. Numerous
neurons, BIMEL is found only at mitochondria (Putcha et possibilities exist, including changes in BIM’s subcellu-
al., 2001; Figure 4D). Second, whether endogenous lar localization, mitochondrial membrane integration,
BIMEL and LC8 interact in primary neurons and whether stability, or interactions with other known or unknown
this interaction changes with TFD remains unclear. Fi- proteins. Because phosphorylation of BIMEL did not alter
nally, although Ser65 lies outside the LC8 binding do- its subcellular localization or integration into mitochon-

drial membranes (Figures 3A–3D), we are currently in-main (residues 107–110; Figure 2A), whether these re-



JNK-Induced Apoptosis Requires BIM and BAX
909

vestigating other possible mechanisms, including those single cell type, control of BIM transcription may vary
mentioned above (i.e., stability and protein-protein inter- according to cellular context. For example, in the case
actions). of mass cultures of NGF-maintained SCG neurons, inhi-

Our findings highlight once again the critical role of bition of the Ras/MEK or PI3K/Akt pathway by using
subcellular localization in regulating signal transduction U0126 or LY294002, respectively, causes modest MLK/
in general and the MLK/JNK pathway in particular, con- JNK-dependent induction of BIM (Putcha et al., 2001);
sistent with recent reports suggesting that JNK1 and however, in the context of depolarization-induced sur-
JNK2/3 coexpressed in CGNs are (1) differentially acti- vival of both SCG and CG neurons, which depends al-
vated by TFD (with JNK1 possessing high constitutive/ most exclusively on PI3K/Akt signaling (Crowder and
low inducible activity and JNK2/3 possessing low con- Freeman, 1999; Vaillant et al., 1999; Dudek et al., 1997;
stitutive/high inducible activity), (2) differentially local- Miller et al., 1997b), LY294002 alone causes significant
ized (JNK1 being extranuclear and JNK2/3 being nu- MLK/JNK-independent BIM induction (G.V.P. and
clear), and (3) differentially responsible for nuclear c-Jun E.M.J., unpublished data) and BAX-dependent cell
phosphorylation (Coffey et al., 2000, 2002). Although we death (Miller et al., 1997a), consistent with physiological
did not see evidence for the dynamic regulation of the crosstalk between the Ras/MEK, PI3K/Akt, and MLK/
subcellular localization of JNK1/2, MLK3, MKK7, or JIP3 JNK pathways. Thus, coordinate transcriptional regula-
with TFD in SCG neurons, we caution that our findings tion of BH3-only proteins, such as that seen with BIM
should not be taken to indicate that such regulation and HRK during neuronal apoptosis, will likely involve
does not exist, because of limitations inherent to these complex signaling networks.
experiments (e.g., isoform specificity of antibodies).
Based on our observations and recent reports (Coffey Intrinsic Pathway Apoptotic Signaling Mediated
et al., 2000, 2002), we propose (Figure 8) that TFD in by MLKs, MKKs, and JNKs Requires
SCG and CG neurons causes activation of MLKs and BIM and BAX but Not BID
MKK4/7, leading to activation of nuclear JNKs (presum- Many apoptotic stimuli, such as TFD and UV irradiation,
ably JNK2/3), which likely mediate the transcription- activate JNKs, which in turn trigger apoptosis via the
dependent (e.g., AP-1-mediated) proapoptotic effects intrinsic pathway by transcription-dependent and/or
of JNKs in this paradigm (e.g., BIM and HRK induction). transcription-independent mechanisms. Taken together
In parallel, MLK/MKK-dependent activation of extranu- with recent reports (Lindsten et al., 2000; Harris and
clear JNKs (primarily JNK1) culminates in transcription- Johnson, 2001; Wei et al., 2001; Zong et al., 2001; Lei
independent effects, including phosphorylation of cellu- et al., 2002; Putcha et al., 2002), our findings (Figure
lar substrates, such as BIM. 7F) indicate that both pathways eventually require BAX,

In addition to posttranslational regulation, an impor- BAK, and/or BOK-dependent release of mitochondrial
tant mechanism for regulating BIM function during TFD apoptogens for caspase activation and cell death,
in neuronal and hematopoietic cells appears to be tran- though coexpression of these multidomain proapoptotic
scriptional (Dijkers et al., 2000; Harris and Johnson, BCL-2 proteins does not guarantee functional redun-
2001; Putcha et al., 2001; Whitfield et al., 2001; Dijkers

dancy (LeBlanc et al., 2002; Putcha et al., 2002).
et al., 2002). However, the specific signaling pathways

However, targets for JNK signaling upstream of the
responsible for this transcriptional control vary in a cell

BAX/BCL-2 (or mitochondrial) checkpoint are unknown.
type- and stimulus-specific manner. For example, NGF-

One potential target is BH3-only proteins, which appeardeprived SCG neurons rely primarily on activation of
to function as “sensors,” transducing death signals andthe MLK/JNK pathway culminating in AP-1-dependent
activating mitochondrial effectors, such as BAX, at leasttransactivation of BIM (Figures 1E, 3D, and 4D) (Harris
in part by relieving inhibition by multidomain antiapo-and Johnson, 2001; Putcha et al., 2001; Whitfield et al.,
ptotic BCL-2 proteins (e.g., BCL-2 and BCL-XL). Ac-2001), with some modest contribution from loss of PI3K/
cordingly, BID (or tBID) was previously proposed as aAkt and Ras/MEK signaling (Putcha et al., 2001; see
possible mitochondrial target of JNK-mediated apopto-below). In contrast, in IL-3-deprived hematopoietic cells,
sis during UV-induced (transcription-independent) cellsuppression of the PI3K/Akt pathway culminating in
death in MEFs (Tournier et al., 2000). However, takenFKHRL1-mediated BIM transcription predominates
together with other recent reports (Harris and Johnson,(Dijkers et al., 2000, 2002), with some contribution again
2001; Putcha et al., 2001; Whitfield et al., 2001; Lei etfrom loss of Ras/MEK signaling (Shinjyo et al., 2001).
al., 2002), data presented in this paper strongly suggestHowever, conclusions based on these reports that
that BIM (and perhaps HRK), not BID or tBID, is a likelyactivation of MLK/JNK signaling and/or suppression of
target of transcription-dependent and/or transcription-PI3K/Akt and Ras/MEK signaling are the only pathways
independent JNK-mediated apoptotic signaling (Figurecontrolling BIM transcription likely underrepresent the
8). First, inhibition of MLK/JNK signaling by either molec-complexity of BIM transcriptional control. First, Liu and
ular genetic or pharmacologic means attenuates BIMGreene (2001) reported that Rb-dependent, E2F-medi-
expression (Harris and Johnson, 2001; Putcha et al.,ated gene repression attenuates TFD-induced apopto-
2001; Whitfield et al., 2001), phosphorylation (Figuressis in SCG neurons and that depression of certain E2F
1E, 3D, and 4D), and proapoptotic activity (Figures 2Dtarget genes, such as B- and C-myb, which are induced
and 2E), and prevents TFD-induced apoptosis (Figureby NGF deprivation in these neurons (Estus et al., 1994),
5) (Estus et al., 1994; Ham et al., 1995; Maroney et al.,can induce cell death in these neurons. Since the BIM
1999; Xu et al., 2001). Second, the converse is true forpromoter contains potential binding sites for c-Myb
activation of MLK/JNK signaling (Figures 6, 7, and data(Bouillet et al., 2001), BIM may be one of the E2F target

genes derepressed during TFD. Second, even within a not shown). Finally, Bim (but not Bid or Bad) deletion
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Figure 7. Neuronal Cell Death Induced by Activation of the MLK/JNK Pathway Requires BIM and BAX but Not BID

(A) DIV5 CGNs from Bid�/� or Bid�/� mice were cotransfected with EGFP and Mlk3. The number of GFP-positive cells was counted at the
indicated times and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–4 from two independent experiments.
(B–E) DIV5 CGNs from Bim�/�, Bim�/�, or Bim�/� mice were cotransfected with EGFP and the indicated vector. The number of GFP-positive
cells was counted over the ensuing 48 hr and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–4 from
two independent experiments (*p � 0.001 versus Bim�/�. §p � 0.002 in B, p � 0.008 in C, p � 0.030 in D, and p � 0.007 in E).



JNK-Induced Apoptosis Requires BIM and BAX
911

ated proapoptotic signaling, leading to BAX-dependent
apoptogen release, caspase activation, and cell death.

Experimental Procedures

Reagents
All reagents were purchased from Sigma unless otherwise stated.
Other reagents and their sources were collagenase and trypsin
(Worthington Biochemical); caspase inhibitor boc-aspartyl(OMe)-
fluoromethylketone (BAF) (Enzyme Systems Products); and recom-
binant active MKK4, MKK7, JNK1, and JNK2	2 (Upstate Biotechnol-
ogy, Inc.). Recombinant mixed lineage kinases (MLKs) and JNK3	1
were made as described elsewhere (Le et al., 2001). Medium lacking
NGF (AM0) consisted of Eagle’s MEM with Earle’s salts (Invitrogen)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100
U/ml penicillin, 100 �g/ml streptomycin, 20 �M fluorodeoxyuridine,
20 �M uridine, and 3.3 �g/ml aphidicolin. AM50 medium consisted
of AM0 medium plus 50 ng/ml mouse 2.5S NGF (Harlan Bioproducts,
Indianapolis, IN). Because serum attenuates the bioactivity of CEP-
1347 (Maroney et al., 1999), experiments with CEP-1347 were per-
formed by using a modified N2 medium consisting of DMEM/F12,
40 nM progesterone, 30 nM sodium selenite, 100 �M putrescine,
and 10 �g/ml transferrin (Jackson ImmunoResearch, West Grove,
PA), unless indicated otherwise. The concentrations of CEP-1347
used in serum-free or serum-containing medium were 400 nM and
1.3 �M, respectively. For cerebellar granule neurons, three different
media were used: K5 � S (Basal Medium Eagle’s [Life Technologies]
containing 5 mM KCl, 100 U/ml penicillin, and 100 �g/ml streptomy-
cin), K5 � S (K5 � S plus 10% dialyzed fetal bovine serum), and
K25 � S (K5 � S plus 20 mM KCl). The breeding and genotyping
of Bax�/�, Bid�/�, and Bim�/� mice has been described previously
(Knudson et al., 1995; Bouillet et al., 1999).

Sympathetic Neuronal Cultures
Primary cultures of sympathetic neurons were established from the

Figure 8. Model: Proposed Genetic and Biochemical Pathway for superior cervical ganglia (SCG) of neonatal mice or rats by using
Transcription-Dependent and -Independent JNK-Induced Apo- previously described methods (Johnson and Argiro, 1983; Deck-
ptosis werth et al., 1996). Neurons were grown in AM50 for �5 days in

vitro (DIV) and then either maintained in AM50 or treated as follows.In brief, TFD in SCG and CG neurons causes activation of MLKs
and MKK4/7, leading to activation of nuclear JNKs (probably For NGF deprivation, cultures were rinsed with AM0, followed by the

addition of AM0 containing goat anti-mouse 2.5 S NGF neutralizingJNK2/3), which likely mediate the transcription-dependent (e.g., AP-
1-mediated) proapoptotic effects of JNKs in this paradigm (e.g., BIM antiserum (anti-NGF). For NGF deprivation in the presence of BAF,

50 �M BAF was added to AM0 containing anti-NGF.and HRK induction). In parallel, MLK/MKK-dependent activation of
extranuclear JNKs (primarily JNK1) culminates in transcription-inde-
pendent effects, including phosphorylation of cellular substrates, Cerebellar Granule Neuron Cultures
such as BIM. The upstream activators of MLKs are presently unclear, Primary cultures of CGNs were obtained as described previously
but may include small GTPases (e.g., cdc42/rac1) and/or germinal (Miller and Johnson, 1996). In brief, postnatal day 7 (P7) cerebella
center kinase (GCK) family kinases. Further delineation of the relative were dissected, trypsinized, triturated, and plated into K25 � S
contributions of transcriptional and posttranslational mechanisms medium at a density of 2.3 
 105 cells/cm2 in four-well dishes (Nunc)
to the regulation of BIM’s proapoptotic activity will require genera- coated with 0.1 mg/ml poly-L-lysine. To reduce the number of
tion of mutant animals (e.g., S65A knockin mice). nonneuronal cells, 3.3 �g/ml aphidicolin was added to the medium

36 hr after plating. At DIV5, CGNs were transfected as previously
described (Moulder et al., 1999). In some experiments, cells at DIV7
were either maintained in K25 � S or switched to K5 � S (rat) orattenuates but does not prevent cell death caused by
K5 � S (mouse) after washing once with the respective medium.TFD (Putcha et al., 2001, 2002) or by activation of MLK/
Cell survival was assessed by a naı̈ve observer counting the number

JNK signaling in a gene dose-dependent manner (Figure of GFP-positive cells as described previously (Miller et al., 1997a).
7), consistent with functional redundancy among BH3- Because of the low transfection efficiency (�0.1%) of these cells,

expression of exogenous proteins can only be assessed by immuno-only proteins, likely BIM and HRK in neurons, genetically
cytochemistry, which is not quantitative. Moreover, since all Bimdownstream of JNKs (and upstream of BAX) during apo-
constructs (i.e., wt and mutants) were subcloned into the sameptosis. Thus, consistent with the emerging role for BH3-
parental vector (i.e., pEF pGKhygro from A. Strasser), expressiononly proteins as sensors that transduce death signals
levels should be comparable. Accordingly, for the various Bim mu-

to mitochondrial effectors, BIM—and presumably HRK— tants described herein, immunocytochemistry for the EE epitope
represents important new mitochondrial targets for tran- tag demonstrated approximately equivalent expression levels (data

not shown). Finally, like previously published results (Mota et al.,scription-dependent and/or -independent JNK-medi-

(F) DIV5 CGNs from Bax�/� or Bax�/� mice were cotransfected with EGFP and the indicated vector. The number of GFP-positive cells was
counted 48 hr later and expressed as a percentage of vector (pcDNA3.1)-transfected cells. Mean � SD, n � 3–4 from two independent
experiments (*p � 0.001, Bax�/� versus Bax�/�).
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2001; Whitfield et al., 2001; Xu et al., 2001), overexpression of Bim tance with neuronal dissections and copyediting; D. Redmond for
editorial assistance; M. Bloomgren for secretarial assistance; andor kinases of the MLK/JNK pathway in CGNs caused cytochrome

c release and caspase activation (by immunocytochemistry), as well members of the Johnson lab for their critical review of this manu-
script.as nuclear condensation and fragmentation (by Hoechst staining),

consistent with induction of an apoptotic cell death (data not shown).
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