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Neuronal apoptotic death induced by nerve growth factor (NGF) deprivation is reported to be in part
mediated through a pathway that includes Rac1 and Cdc42, mitogen-activated protein kinase kinases 4 and 7
(MKK4 and -7), c-Jun N-terminal kinases (JNKs), and c-Jun. However, additional components of the pathway
remain to be defined. We show here that members of the mixed-lineage kinase (MLK) family (including MLK1,
MLK2, MLK3, and dual leucine zipper kinase [DLK]) are expressed in neuronal cells and are likely to act
between Rac1/Cdc42 and MKK4 and -7 in death signaling. Overexpression of MLKs effectively induces
apoptotic death of cultured neuronal PC12 cells and sympathetic neurons, while expression of dominant-
negative forms of MLKs suppresses death evoked by NGF deprivation or expression of activated forms of Rac1
and Cdc42. CEP-1347 (KT7515), which blocks neuronal death caused by NGF deprivation and a variety of
additional apoptotic stimuli and which selectively inhibits the activities of MLKs, effectively protects neuronal
PC12 cells from death induced by overexpression of MLK family members. In addition, NGF deprivation or UV
irradiation leads to an increase in both level and phosphorylation of endogenous DLK. These observations
support a role for MLKs in the neuronal death mechanism. With respect to ordering the death pathway,
dominant-negative forms of MKK4 and -7 and c-Jun are protective against death induced by MLK overex-
pression, placing MLKs upstream of these kinases. Additional findings place the MLKs upstream of mito-
chondrial cytochrome c release and caspase activation.

There has been much progress in defining the general mech-
anisms by which neurons and other cell types die in response to
apoptotic stimuli. However, the components and order of the
transducing pathways that mediate death are still not com-
pletely understood. One apoptotic pathway that appears to be
particularly important in neurons includes the c-Jun N-termi-
nal kinases (JNKs; also known as the stress-activated protein
kinases) (14, 15, 22, 32, 42, 69; reviewed in reference 23). JNKs
are phosphorylated and activated in response to a variety of
apoptotic stimuli, including tumor necrosis factor, DNA dam-
age, heat shock, ischemia-reperfusion, oxidative stress, hyper-
osmolarity, axonal injury, and loss of trophic support (20, 31,
38, 42, 55, 68, 69). Various types of evidence indicate that JNK
activation plays a required role in many such paradigms of
neuronal cell death. A well-defined downstream target of ac-
tivated JNKs in neuronal cells that also plays an obligatory part
in death is c-Jun (14, 15, 22). Neuronal c-Jun levels are ele-
vated in response to trophic factor withdrawal, and dominant-
negative forms of this transcription factor are protective
against death evoked by loss of trophic support as well as by
selective activation of JNKs (14, 22).

Several upstream members of the death-related JNK/c-Jun
pathway have also been defined. The most distal of these are
the Rho small GTPase family members Rac1 and Cdc42. Over-
expression of constitutively active forms of Rac1 and Cdc42
(Rac1 V12 [mutated at position 12 to V] and Cdc42 V12) leads

to activation of the JNK pathway and to death of Jurkat T
lymphocytes, PC12 cells, and sympathetic neurons; conversely,
overexpression of dominant-negative mutants of Cdc42 and
Rac1 (Cdc42 N17 and Rac1 N17) in sympathetic neurons pre-
vents elevation of c-Jun and death evoked by nerve growth
factor (NGF) withdrawal (2, 7). Overexpression of Rac1 N17
reverses the induction of death by Cdc42 V12, whereas Cdc42
N17 has no effect on Rac1 V12-induced death, suggesting that
Cdc42 lies upstream of Rac1 (2). Similar approaches have
indicated that mitogen-activated protein kinase kinases 4 and 7
(MKK4 and MKK7) lie downstream of Cdc42 and Rac1 and
directly upstream of the JNKs (17, 27, 45, 65, 69, 70). Finally,
recent studies using constitutively active and dominant-nega-
tive constructs have implicated apoptosis signal-regulating ki-
nase 1 (ASK1) as an additional participant in the pathway that
lies between Cdc42 and the downstream MKKs and JNKs (32).

The mixed-lineage kinases (MLKs) represent an additional
family that has the potential to be involved in the JNK activa-
tion pathway. MLKs have been shown to function as MKK
kinases and lead to activation of JNKs via activation of MKKs
(4, 9, 25, 46, 56, 63, 65). Members of the family include MLK1,
MLK2 (also called MST), MLK3 (also called SPRK or PTK1),
dual leucine zipper kinase (DLK; also called MUK or ZPK),
and leucine zipper-bearing kinase (LZK) (12, 28, 30, 48, 57). In
addition to a kinase domain, MLK family members possess one
or two leucine zipper domains, and MLK1, -2, and -3, but not
DLK, also have an SH3 domain and a potential Cdc42-Rac
interactive binding (CRIB) motif (5, 12, 30). Constitutively
active mutants of Rac1 and Cdc42 have been found to bind to
and to modulate the activities of MLK2 and -3, and coexpres-
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sion of MLK3 and activated Cdc42 leads to enhanced MLK3
activation, which is reported to require the presence of the
MLK3 CRIB motif (4, 5, 48, 62).

Because of the widespread role of JNK activation in neuro-
nal death signaling, we have carried out further studies to
define the identities and relative order of the components of
this pathway. Here, we show in particular that MLKs are me-
diators of JNK activation in neuronal cells.

MATERIALS AND METHODS

Materials. Cell growth media RPMI 1640 and Dulbecco’s minimal essential
medium, Taq Platinum DNA polymerase, and Lipofectamine Plus were pur-
chased from Life Technologies, Inc. (Frederick, Md.). Human recombinant NGF
was kindly provided by Genentech (South San Francisco, Calif.). (2)cis-5,7-
Dihydroxy-2-(2-chlorophenyl)-8[4-(3-hydroxy-1-methyl)piperidinyl]-4H-benzo-
pyran-4-one (L86-8275; flavopiridol) was a generous gift from Peter J. Worland
(National Cancer Institute). Boc-aspartyl-(ome)-fluoromethyl ketone (BAF),
Ac-DEVD-pNA, and zVAD-fluoromethylketone (zVAD-fmk) were purchased
from Enzyme Systems Products (Dublin, Calif.). Hoechst dye 33342, mouse
NGF, and anti-mouse NGF antiserum were obtained from Sigma (St. Louis,
Mo.). Phospho-AKT (Ser473) antiserum was purchased from New England
Biolabs (Beverly, Mass.). DLK antiserum was purchased from StressGen (Vic-
toria, British Columbia, Canada). MLK3 antiserum was purchased from Santa
Cruz (Santa Cruz, Calif.). CEP-1347 was solubilized in dimethyl sulfoxide at a
concentration of 4 mM and stored at 220°C in amber glass vials. Further
dilutions were made from this stock directly into media.

RT-PCR analysis. Expression of MLK1, MLK2, MLK3, DLK, and LZK was
determined by reverse transcription (RT)-PCR analysis. Total RNA was purified
using RNAzolB (TelTest Inc., Friendswood, Tex.), and Superscript II reverse
transcriptase (Life Technologies) was used to synthesize cDNA. PCR assays
were performed as previously described (3). The following primers were used:
MLK1, 59-AACTACGTGACCCCGCGCA-39 and 59-CCGCAAAATCAATTT
CTAAC-39; MLK2, 59-TGGAGCTGGAGAGCTTCAAGAAG-39 and 59CAT
GTCCATGTCCAGCAGTGTGG-39; MLK3, 59-GTCATGGAATGGCAGTG
G-39 and 59-CACGGTCACCCTTCCTCA-39; DLK, 59-GAGGTAGACAGTG
AAGTAGAGC-39 and 59-CCAATTCAGTGCTGTCACAGTC-39; LZK, 59-CA
CCAGCACATAATCCTCTCTTG-39 and 59-CACTGGTATTTCCCTCTTCTC
C-39; and cyclophilin, 59-ATGGTCAACCCCACCGTGTT-39 and 59-CTGGTG
AAGTCACCACCCT-39. GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
primers were purchased from Clontech (Palo Alto, Calif.). The identity of all
PCR products was confirmed by sequencing. All RT-PCR assays were performed
at least twice, except that for LZK in superior cervical ganglion (SCG) cells,
which was done once. Representative results are shown.

cDNA constructs in mammalian expression vectors. The cDNAs for MKK4b
(MKK4) and MKK7b1 (MKK7) were PCR amplified from human placenta and
brain, respectively, sequence verified, and inserted into pcDNA3.1 (Invitrogen,
San Diego, Calif.). The cDNAs encoding the K113A mutant of MKK4 (26) and
the K149A mutant of MKK7 were generated by PCR-mediated site-directed
mutagenesis. A truncated cDNA of mouse MEKK1 (encoding amino acids 817
to 1493 of full-length MEKK1) was kindly provided by J. Silvio Gutkind (Na-
tional Institutes of Health [NIH], Bethesda, Md.) and subcloned into the
pcDNA3 vector (Invitrogen). The following constructs were generously provided
as follows. Both dominant-negative and constitutively active forms of Rac1 and
Cdc42 were from Alan Hall (University College London, London, United King-
dom), and both the dominant-negative form and a constitutively active form of
human ASK1 (or MEKK5) were from Hidenori Ichijo (Tokyo Medical and
Dental University, Tokyo, Japan). Wild-type c-Jun and dominant-negative c-Jun
(TAM67 c-Jun) were from Michael J. Birrer (NIH, Rockville, Md.), and different
constructs of AKT, including wild-type, active, dominant-negative, and myristy-
lated forms, were kindly provided by Thomas Franke (Columbia University, New
York, NY.). Mouse MKK7 and DLK were from Larry Holzman (University of
Michigan Medical School, Ann Arbor, Mich.). Human MLK3 was kindly pro-
vided by Richard Spritz (University of Wisconsin, Madison, Wis.), and MLK1
and MLK2 were cloned from human brain cDNA. MLK2, MLK3, and DLK were
subcloned into pcDNA3.1, whereas MLK1 was subcloned into pcDNA4/HisMax
(Invitrogen). cDNA encoding the kinase-inactive mutant forms of MLK1
(K171A), MLK2 (K125A), MLK3 (K144R), and DLK (K155A) were generated
by PCR-mediated site-directed mutagenesis. Sequences encoding the constitu-
tively active form of human ASK1 (DN ASK1), Rac1 V12, Cdc42 V12, and both

the wild-type and the kinase-inactive mutant forms of MLK1, MLK2, MLK3, and
DLK were subcloned into pCMV.EGFP vector (Clontech).

Cell culture. PC12 cells were cultured as described previously in collagen-
coated dishes with RPMI 1640 medium supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum (21). Neuronal differentiation was
induced by NGF (100 ng of human recombinant protein per ml) in RPMI 1640
medium supplemented with 1% heat-inactivated donor horse serum.

Primary cultures of rat sympathetic neurons were generated from dissociated
SCG of postnatal-day-1 Sprague-Dawley rats as described previously (39). The
cells were plated onto collagen-coated 24-well dishes at a density of around one
ganglion per well and maintained in RPMI 1640 medium supplemented with
10% heat-inactivated donor serum and 60 ng of mouse NGF per ml. A mixture
of uridine and 5-fluorodeoxyuridine (10 mM each) was added on the following
day to eliminate nonneuronal cells.

Transfections. DNA used for transfection was prepared with a plasmid maxi
kit (Qiagen, Valencia, Calif.). Three independent plasmid preparations were
obtained, and the one with the highest transfection efficiency was used in exper-
iments. PC12 cells were transfected with 1.0 mg of plasmid in six-well dishes and
0.5 mg of plasmid in 24-well dishes 4 to 7 days after NGF treatment or overnight
after plating for naive cells using Lipofectamine Plus (Life Technologies). Six to
nine hours later, medium with Lipofectamine Plus was replaced with fresh
medium with NGF or with serum for neuronally differentiated or naive PC12
cells, respectively. Rat sympathetic neurons were transfected with the Helios
Gene Gun system (Bio-Rad, Hercules, Calif.).

Trophic factor deprivation. For trophic factor deprivation of PC12 cells, on
day 3 after transfection, cultures were washed three times with RPMI 1640
medium, scraped (for neuronally differentiated PC12 cells) or mechanically dis-
lodged (for naive PC12 cells) from their dishes, pelleted at low speed, and
washed with serum-free medium. The spin-and-wash procedure was repeated
five more times, and the cells were replated into collagen-coated 15-mm wells at
approximately 2 3 105 cells per well. Trophic-factor-deprived cultures were
maintained in RPMI 1640 medium, and the control nondeprived cells were
supported with NGF or serum for NGF-differentiated cells or naive cells, re-
spectively. NGF deprivation of rat sympathetic neurons was performed by wash-
ing with NGF-free medium twice and adding anti-NGF antibody (1:150 dilution),
as previously described (53). Control cells were washed with serum-free medium
and maintained in medium supplied with NGF and 1% horse donor serum.

Assessment of cell survival. (i) Strip counting. From a defined time point
(consistent throughout the course of the experiment), the number of healthy,
nonapoptotic enhanced green fluorescent protein (EGFP)-positive cells in the
same field (consisting of a strip across the diameter of each well) was assessed.
The percentage of surviving cells was calculated relative to the numbers present
in control wells. The numbers of transfected cells counted in control cultures
were at least 400.

(ii) Apoptotic nuclei. Nuclei were visualized by staining cells either alive, or
after fixation. To stain living cells, Hoechst dye 33342 at 1 mg/ml was added to
the medium to a final concentration of 1 mg/ml. Five minutes later, the medium
was replaced with fresh medium without the dye. Otherwise, cells were fixed in
4% formaldehyde for 10 min and then incubated with Hoechst dye 33342 at 1
mg/ml in phosphate-buffered saline (PBS) for 5 min at room temperature without
formaldehyde. The medium containing Hoechst dye was then replaced with PBS.
Cells possessing condensed nuclei or fragmented chromatin were scored as
apoptotic. The number of cells assessed per culture typically ranged from 100 to
200. All experiments were performed at least in triplicate, and results are re-
ported as the means 6 standard errors of the means (SEM).

Western immunoblotting. PC12 cells were harvested in lysis buffer (10 mM
Tris [pH 7.4], 1.0% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 20 mM
sodium fluoride, 0.2 mM sodium orthovanadate, 1.0 mM EDTA, 1.0 mM EGTA,
0.2 mM phenylmethylsulfonyl fluoride). For samples subjected to phosphatase
treatment, sodium orthovanadate was omitted. Cells were incubated in lysis
buffer for 10 min and then scraped from the dishes and passed 10 times through
a 26-gauge needle. The lysates were then centrifuged at 16,000 3 g for 20 min,
and the pellets were discarded. Phosphatase treatment was performed by incu-
bating the cell extracts with 400 U of l phosphatase for 2 h at 30°C according to
the manufacturer’s instructions (Biolabs). Samples (containing 200 mg of pro-
tein) were boiled in 13 sodium dodecyl sulfate sample buffer and separated by
sodium dodecyl sulfate–6% polyacrylamide gel electrophoresis prior to blotting
on nitrocellulose membranes (Schleicher & Schuell). The membranes were in-
cubated in 5% fat-free milk in TBST (25 mM Tris-HCl [pH 7.4], 137 mM NaCl,
5 mM KCl, 0.7 mM CaCl2, 0.1 mM MgCl2, 0.2% [vol/vol] Tween 20) for 2 h and
then with the same buffer containing various dilutions of the primary antibodies
(1:200 to 1:250). Before and after incubation with secondary antibody, the mem-
branes were washed four times for 10 min each time with TBST buffer. The
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proteins were detected with an appropriate secondary antibody coupled to horse-
radish peroxidase-conjugated goat anti-rabbit immunoglobulin (Bur73) and vi-
sualized by enhanced chemiluminescence according to the instructions of the
manufacturer (Amersham Life Science).

Immunofluorescence staining. To detect cytochrome c, cells were fixed with
3% paraformaldehyde for 10 min, washed with PBS, and then permeabilized with
0.5% Triton X-100 and blocked with 10% goat serum for 30 min at room
temperature. They were then stained with a specific monoclonal antibody against
cytochrome c (clone 6H2.B4; dilution, 1:500; PharMingen, San Diego, Calif.)
followed by a rhodamine-conjugated anti-mouse immunoglobulin G antibody
(ImmunoPure; 1:500 dilution). To examine nuclear morphology, cells were
stained with Hoechst dye (Hoechst 33342; Sigma) at 1 mg/ml.

RESULTS

MLK family members are expressed in PC12 cells and sym-
pathetic neurons. RT-PCR was used to determine expression
of members of the MLK family in PC12 cells and in SCG
neurons. As shown in Fig. 1, transcripts for all members of
MLK family were readily detectable in both cell types. Expres-
sion in two different passages of PC12 cells was analyzed. We
did not observe consistent effects of NGF on expression of any
of the analyzed genes (naive versus differentiated cells). Based
on approximate equivalency of GAPDH transcription levels,
which served as internal controls, SCG neurons were found to
express severalfold-lower levels of MLK3 and LZK than PC12
cells. The biological significance, if any, of these observations is
unclear.

Expression of MLK family members induces apoptotic
death of PC12 cells and sympathetic neurons. Efforts to es-
tablish a permanent line of PC12 cells expressing MLK3 under
the control of the cytomegalovirus promoter proved to be
unsuccessful, thus suggesting that overexpression of this pro-

tein results in cell death. To examine this issue more fully,
sequences encoding MLK3 and the additional family members
MLK1, MLK2, and DLK were cloned into the pCMS.EGFP
vector. A full-length clone for LZK was not available at the
time of this study, and so this enzyme was not included in the
present experiments. The various constructs were transiently
transfected into neuronally differentiated PC12 cells. The GFP
signal was detectable within 1 day and was highest within 2 to
3 days following transfection. Counts of intact GFP-positive
cells revealed a rapid decline in numbers within 4 days for
MLK3-transfected cultures but not for empty vector and ki-
nase-inactive controls (Fig. 2a). Similar data were obtained
with MLK1, MLK2, and DLK. By day 3, cells transfected with
any of the MLK family members had approximately 17% sur-
vival compared with controls (Fig. 2b). Transfection with sim-
ilar levels of DNA encoding constitutively active Cdc42 and
Rac1 (Cdc42 V12 and Rac1 V12) also evoked death, but in this
case survival was approximately 50% by day 3 (Fig. 2b). Death
was verified by staining nuclei of transfected cells with Hoechst
33342. Approximately 75% of nuclei assayed 48 h after trans-
fection with MLKs showed apoptotic morphology, compared
with around 5% in control cultures (Fig. 2c). Comparable
results were achieved with naive, non-NGF-treated cultures
(data not shown). In addition, both naive and neuronally dif-
ferentiated PC12 cells transfected with MLKs, but not with
kinase-inactive MLKs, showed additional features of apoptotic
responses, including intense surface blebbing, shrunken cell
bodies, and pycnotic nuclei. These findings demonstrate that
overexpression of all MLK family members tested can effi-
ciently trigger apoptotic death in neuronal cells.

To examine whether comparable effects might occur in cul-
tures of sympathetic neurons, the normal counterparts of neu-
ronal PC12 cells, a biolistic device (Helios Gene Gun system)
was used to transfect them with pCMS.EGFP-MLK3 or -DLK.
As illustrated in Fig. 3A, DLK induced apparent apoptotic
death with cell shrinkage, loss of neurites, and appearance of
broken or condensed nuclei. The same response was observed
for MLK3 (data not shown). This effect was confirmed and
quantified by counting GFP-positive cells (Fig. 3B) or nuclei
with apoptotic morphology (Fig. 3C).

MLK family members induce death of neuronal PC12 cells
by acting upstream both of MKK4 and -7 and c-Jun and of
cytochrome c release and caspase activation. DLK has been
shown to act upstream of MKK7, and MLK2 and MLK3 have
been shown to act upstream of both MKK4 and MKK7 (9, 46,
56, 63), which, in turn, lie upstream of JNKs and of c-Jun in the
apoptotic pathway activated by NGF deprivation (14, 15, 22).
To assess whether MLK3 and other MLK family members
might also evoke death in neuronal PC12 cells by activating
this pathway, we coexpressed each of them with dominant-
negative forms of MKK4, MKK7, and c-Jun. As shown in Fig.
4, the dominant-negative constructs suppressed death in each
case. However, the dominant-negative forms of MKK4 and
MKK7, even when transfected together, only partially sup-
pressed death evoked by overexpression of MLKs and did so to
a significantly lesser degree than the dominant-negative form
of c-Jun. This raises the possibility that MKK4 and MKK7 may
not be the only MKKs that transduce signals from MLKs to
c-Jun or that the dominant-negative MKKs are inefficient with
respect to suppression of JNK activation.

FIG. 1. All five members of the MLK family are expressed in PC12
cells and SCG neurons. Total RNA was purified from naive (N) and
neuronally differentiated (D) PC12 cells and rat SCG neurons. RNA
was reverse transcribed, and expression levels of MLK1, MLK2,
MLK3, DLK, and LZK were evaluated by PCR using specific primers
as described in Materials and Methods. Expression in two different
passages of PC12 cells was analyzed. GAPDH and cyclophilin served
as internal controls. For each primer pair, PCR assays were performed
at the same cycle number. All assays were performed at least twice,
except that for LZK expression in SCGs, which was done once. Rep-
resentative results are shown.
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Initiation of apoptotic death in response to various stimuli,
including NGF deprivation, requires release of cytochrome c
from mitochondria (11; reviewed in references 6 and 10). Re-
cent findings reveal that activation of the JNK pathway can
cause cytochrome c release and that apoptotic stimuli fail to
release cytochrome c in JNK null cells (64). Accordingly, to
determine whether death evoked by MLKs is propagated in
this manner, neuronal PC12 cells were transfected with MLK3
or DLK and immunostained 30 h later with anti-cytochrome c
antibodies. As illustrated in Fig. 5, many such cells, but none of
the control cells, showed total loss or diminution of cyto-
chrome c staining. The loss of cytochrome c staining may
reflect its rapid degradation after cytochrome c is released into
the cytoplasm, as reported elsewhere (49, 59). In a few cells, a
low level of diffuse cytochrome c staining was detected, which
presumably reflects translocation to the cytoplasm. All cells
with apoptotic nuclei (as judged by the staining pattern with
the Hoechst dye) lost cytochrome c staining. Some of the cells
that lost the cytochrome c signal still had normal Hoechst
dye-stained nuclei, suggesting, as anticipated (59), that cyto-
chrome c release occurs before the effects of MLK family
expression on nuclear morphology.

To assess the role of caspases in death evoked by MLK
family members, transfected cultures of neuronally differenti-
ated PC12 cells were treated with or without BAF, a general
caspase inhibitor, and the transfected cells were subsequently
scored for survival and proportion of apoptotic nuclei. BAF
(25 mM) provided significant protection in each case (Fig. 6).
Another caspase inhibitor, zVAD-fmk (50 mM), also provided
comparable protection from MLK3, whereas the less general
inhibitor Ac-DEVD-pNA (10 mM) had little effect (data not
shown). Taken together, the above findings suggest a scheme

in which MLK family members elicit death by a downstream
pathway that includes MKK4 and -7, c-Jun, cytochrome c re-
lease, and activation of caspases.

The Cdk inhibitor flavopiridol (1 mM) provides long-term
rescue from apoptotic death evoked by NGF deprivation or
DNA damage (52). Flavopiridol had no effect on death caused
by overexpression of MLKs (data not shown), indicating that
the JNK/c-Jun death pathway does not involve or require Cdks
or other cell cycle components downstream of Cdks.

Kinase-inactive forms of MLK family members suppress
death evoked by overexpression of MLKs. Because MLK fam-
ily members can homodimerize as well as form complexes with
other proteins (41, 65, 67), we tested whether kinase-inactive
forms would act as dominant-negative suppressors of death. A
kinase-inactive form of MLK3 (dominant-negative MLK3,
MLK3 K144R) was cotransfected into neuronal PC12 cells
along with wild-type MLK1, MLK2, MLK3, or DLK. In each
case, death was strongly suppressed (Fig. 7a). A kinase-inactive
DLK (dominant-negative DLK, DLK K152A) also effectively
blocked death elicited by MLK3 (Fig. 7a). These findings in-
dicate not only that kinase-inactive MLK forms can act as
dominant-negative forms to suppress death caused by overex-
pression of their own wild-type forms but also that they can do
so for other members of the MLK family. Thus, MLK-induced
death appears to require dimerization and/or association with
one or more shared binding partners.

Rac1 and Cdc42 have been implicated as components that
lie upstream of MKK4 and -7 and JNK in the JNK signaling
pathway (17, 65). Moreover, there is evidence that Rac1 and
Cdc42 bind to and enhance activation of MLK2 and -3 (4, 48,
62). If Rac1 and Cdc42 act upstream of MLKs in our system,
then death elicited by constitutively active forms of these

FIG. 2. Induction of apoptosis in neuronal PC12 cells by overexpression of MLK family members. (a) Transient expression of wild-type MLK3
but not the kinase-inactive form (d/n) induces cell death. Neuronally differentiated PC12 cells were transfected with empty cloning vector
(pCMS.EGFP) or with DNA encoding full-length MLK3 or the kinase-inactive form of MLK3 and assessed for cell viability in the presence of NGF
at 2, 3, and 4 days after transfection. The percentage of surviving cells was calculated by normalizing to the numbers of cells transfected with
pCMS.EGFP at 2 days after transfection. The data are the means of counts from three wells 6 SEM, and similar results were obtained in three
additional independent experiments. (b) Overexpression of MLK family members or Rac1 V12 and Cdc42 V12 kills neuronal PC12 cells. Cells
were transfected with either empty cloning vector (pCMS.EGFP) or constructs encoding different MLK family members, Rac1 V12, or Cdc42 V12.
Three days after transfection, numbers of transfected cells were counted in three replicate wells as described in Materials and Methods. (c)
Induction of apoptosis in neuronally differentiated PC12 cells by the expression of different MLK family members and constitutive active forms
of Rac1 and Cdc42. Cells were transfected with either empty cloning vector (pCMS.EGFP) or constructs encoding different MLK family members,
Rac1 V12, or Cdc42 V12. Three days after transfection, the percentages of apoptotic nuclei were determined by scoring per condition at least 100
Hoechst 33242-stained nuclei of cells expressing EGFP. The values in panels b and c are the means of four independent experiments plus SEM.
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GTPases should be suppressed by dominant-negative MLKs.
The data in Fig. 7b indicate that this is the case, thus support-
ing a scheme in which MLKs mediate the apoptotic actions of
Rac1 and Cdc42.

Dominant-negative forms of MLKs protect PC12 cells and
sympathetic neurons from death elicited by trophic depriva-
tion. The above data indicate that all known MLK family
members are present in PC12 cells and sympathetic neurons,
that overexpression of MLKs can stimulate apoptotic neuronal
death, and that such death is suppressed by dominant-negative
MLKs. We therefore determined whether dominant-negative
MLKs would protect against death induced by trophic factor
withdrawal. Neuronal PC12 cells and sympathetic neurons
were transfected with DNA encoding dominant-negative
MLK3 or dominant-negative DLK cloned into the pCMS.EGFP
vector and then deprived of NGF. In each case, the dominant-
negative forms provided a significant level of protection from
death (Fig. 8). The kinase-inactive forms of MLK1 and MLK2
also provided similar protection for neuronal PC12 cells de-
prived of NGF (data not shown).

Endogenous DLK is regulated by NGF deprivation and UV
exposure. We next addressed whether apoptotic stimuli affect
endogenous MLKs. We were unable to reliably detect endog-
enous MLK1 or -2 by Western immunoblotting of PC12 cell
protein. It is unclear whether this reflects the absence of ex-
pression of such proteins (in contrast to the presence of the
corresponding transcripts), the quality of the available anti-
sera, or low levels of MLK1 and -2 expression. In contrast,
Western immunoblotting revealed endogenous MLK3 and
DLK in naive and neuronally differentiated PC12 cells. Due to
its clearer resolution, we focused on the response of DLK to
apoptotic stimuli. As illustrated in Fig. 9A, withdrawal of NGF
from neuronally differentiated PC12 cells results in both an
increase in DLK protein levels and an enhanced signal of the
most slowly migrating form relative to that in control cells. The
increases in levels were apparent within 4 h of NGF depriva-
tion, and the shift to the most slowly migrating form was
progressive over time up to 12 h of withdrawal. An increased
level and upward mobility shift of DLK protein was also ob-
served in extracts of neuronal PC12 cells after 4 h of UV
treatment at a dose that induces apoptosis (Fig. 9B). These
times are consistent with those previously reported for eleva-
tions of JNK activity evoked by NGF deprivation (42, 69) and
UV exposure (42, 53). The decreased electrophoretic mobility
of DLK associated with apoptotic stimuli appeared to be due
to enhanced phosphorylation in that it was abolished by treat-
ment of cell extracts with phosphatase (Fig. 9C). There is
evidence that MLK3 is activated by phosphorylation (24), and
it therefore seems likely that the increases in levels and phos-
phorylation of endogenous DLK induced by apoptotic stimuli
reflect its activation.

FIG. 3. Expression of DLK or MLK3 induces sympathetic neuro-
nal apoptosis. (A) Representative immunofluorescence photomicro-
graphs of cells transfected with control vector, wild-type MLK3, or
DLK (data shown here are for DLK; the same results were obtained
with MLK3). Sympathetic neurons cultured for 2 days in the presence
of NGF were transfected with control vector (pCMS.EGFP) (a to c) or
pCMS.EGFP-DLK (d to f). Forty-eight hours later, nuclei of the living
cells were stained with Hoechst 33242 as described in Materials and
Methods. Normal nuclei are stained blue (c), while nuclei of cells
undergoing apoptosis appear light blue (e) because of the intensified
signal due to shrinking or condensation of nuclei. Magnifications,
3200 (a) and 3600 (b to f). (B) Sympathetic neurons (prepared as for
panel A) were transfected with control vector (pCMS.EGFP) or DNA
encoding wild-type or dominant-negative (d/n) forms of DLK. At 24,
48, and 72 h later, numbers of cells with EGFP signal in the same well
were counted and the percentages of surviving cells were assessed as

described in Materials and Methods. The values are the means for
three wells 6 SEM, and similar results were obtained in two additional
independent experiments. (C) Sympathetic neurons were prepared
and transfected as for panel B. Twenty-four hours later, living cells
were stained as in panel A, and the proportions of apoptotic nuclei in
transfected cells were assessed immediately and 24 h later. The results
are the means of three independent experiments plus SEM.
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CEP-1347 protects neuronal PC12 cells from death evoked
by MLKs and upstream members of the JNK pathway. CEP-
1347 is an indolocarbazole that effectively protects neurons
and neuronal PC12 cells from a variety of apoptotic stimuli,
including trophic factor deprivation (42, 43, 54, 58). Mecha-
nistic studies reveal that CEP-1347 selectively blocks activation
of the JNK pathway in living cells and that in in vitro assays it
inhibits the kinase activity of MLK family members but not of
a variety of other kinases (42a). These CEP-1347 activities all
occur in a similar concentration range (50 to 200 nM). Such
findings suggest that in neuronal cells, in which MLKs are
activated in response to apoptotic stimuli, CEP-1347 provides

FIG. 4. The MLK family is upstream of MKK4 and -7 and c-Jun in
the apoptotic pathway. (a) A dominant-negative form of c-Jun sup-
presses death induced by overexpression of Rac1 V12 and Cdc42 V12
as well as by the MLK family. pCMS.EGFP as well as DNA-encoding
MLK family members, Rac1 V12, and Cdc42 V12 (all in the
pCMS.EGFP vector) were cotransfected with either pCMV vector as
a control or the dominant-negative (d/n) form of c-Jun (pCMV-
TAM67 c-Jun) as described in Materials and Methods. Three days
after transfection, cell numbers were determined as described in Ma-
terials and Methods. Cell numbers in cultures transfected with pCMS.
EGFP-pCDNA3 and pCMS.EGFP-pCMV were defined as 100% sur-
vival, and cell numbers in the other transfected cultures were normal-
ized accordingly. (b) Dominant-negative (d/n) forms of MKK4 and
MKK7 suppress death induced by MLK expression. pCMS.EGFP and
constructs encoding different MLK family members were cotrans-
fected with either pCDNA3 vector or dominant-negative MKK4
and/or dominant-negative MKK7 (both in pCDNA3) as described in
Materials and Methods. In those cotransfected with both dominant-
negative MKK4 and dominant-negative MKK7, the amounts of dom-
inant-negative MKK4 and dominant-negative MKK7 DNA were equal
and the total amounts of both together (1.25 mg/well) were equal to
five times the amount of DNA (0.25 mg/well) with which they were
cotransfected. Three days after transfection, cell numbers were
counted as described in Materials and Methods. Numbers of cells
transfected with pCMS.EGFP-pCDNA3 were defined as 100%, and
survival in cultures with other transfections were normalized to these
values. The values are the means from three independent experiments
plus SEM.

FIG. 5. Overexpression of MLK family members induces cyto-
chrome c release. MLK3 and DLK were transfected into neuronally
differentiated PC12 cells (data shown here are for DLK; the same
results were obtained with MLK3). Thirty hours later, cells were fixed
and immunostained with anti-cytochrome c as described in Materials
and Methods. All panels show the same field; arrows point to a cell
that has an EGFP signal. (A) Cell transfected with pCMS.EGFP-DLK
which shows the EGFP signal. (B) Immunostaining with antibodies
against cytochrome c. (C) Cells stained with Hoechst dye 33342. (D)
Phase-contrast photomicrograph. Magnification, 3400.

FIG. 6. Death induced by MLK family expression can be sup-
pressed by the general caspase inhibitor BAF. pCMS.EGFP as well as
constructs encoding MLK family members MLK1, -2, and -3 and DLK
were transfected into neuronal PC12 cells as described in Materials
and Methods, and half of the cultures were pretreated and maintained
with 25 mM BAF. Three days after transfection, cell numbers were
determined as described in Materials and Methods. Numbers of cells
transfected with pCMS.EGFP or pCMS.EGFP/BAF were each de-
fined as 100%, and the other transfections were normalized to them.
The values are the means of three independent experiments plus SEM.

4718 XU ET AL. MOL. CELL. BIOL.



protection from death by blocking MLK activity and, conse-
quently, activation of JNKs. We reasoned that if this is the
case, then CEP-1347 should protect neuronal cells from death
evoked by MLKs and upstream components of the JNK path-
way but not from death evoked by downstream pathway mem-
bers. Neuronally differentiated PC12 cells were pretreated with
200 nM CEP-1347 for 2 h and then transfected with MLK
family members or with Rac1 V12 or Cdc42 V12. In all cases,
the compound provided a significant protection from death

comparable to that achieved with BAF (Fig. 10). In contrast,
when similar experiments were carried out with the constitu-
tively active form of ASK1 (DN ASK1) and MKK4, there was
no protection from death (Fig. 10).

Myr-AKT protects neuronal cells from death evoked by
MLKs. AKT is an important component of the signaling path-
ways by which trophic factors such as NGF protect neuronal
cells from death (13, 66; reviewed in reference 18). Presum-
ably, AKT acts in part by suppressing activation of the MLKs
or other components of the JNK pathway when NGF is
present. To determine whether AKT might act downstream of

FIG. 7. Relationships between MLKs, Rac1/Cdc42, and ASK1. (a)
Death induced by MLK overexpression can be suppressed significantly
by dominant-negative (d/n) forms of other family members and par-
tially by the dominant-negative form of ASK1. pCMS.EGFP or DNA
encoding MLK family members in the pCMS.EGFP vector were co-
transfected with either pCDNA3 or dominant-negative MLK3 or dom-
inant-negative ASK1 constructs in the pCDNA3 vector. MLK3 was
also cotransfected with dominant-negative DLK as described in Ma-
terials and Methods. Three days after transfection, the proportions of
apoptotic nuclei were determined as described in Materials and Meth-
ods. The values are the means of three independent experiments plus
SEM. (b) Death induced by Rac1 V12 and Cdc42 V12 can be sup-
pressed by dominant-negative (d/n) forms of MLKs as well as by
dominant-negative ASK1. pCMS.EGFP and Rac1 V12 and Cdc42 V12
DNAs in the pCMS.EGFP vector were cotransfected with either the
pCDNA3 vector or dominant-negative MLK3, dominant-negative
DLK, or dominant-negative ASK1 constructs (each in the latter vec-
tor) as described in Materials and Methods. Three days after transfec-
tion, the proportions of apoptotic nuclei were determined as described
in Materials and Methods. Because the results from cotransfection
with pCMS.EGFP-pCDNA3 and pCMS.EGFP cotransfected with
dominant-negative MLK3, dominant-negative DLK, or dominant-neg-
ative ASK1 DNA were not apparently different from each other, only
results obtained with pCMS.EGFP-pCDNA3 are shown. The values
are the means of three independent experiments plus SEM.

FIG. 8. (a) Dominant-negative (d/n) forms of MLK3 and DLK
protect neuronal PC12 cells from NGF deprivation-induced apoptosis.
pCMS.EGFP or DNA encoding dominant-negative forms of MLK3
and DLK in the pCMS.EGFP vector were transfected into neuronal
PC12 cells. Two days after transfection, NGF deprivation was per-
formed as described in Materials and Methods. NGF was added back
to half of the cultures. Surviving cells were counted 24 and 48 h later.
Values from wells with NGF were used as controls for each transfec-
tion and defined as 100% survival, and values from cultures without
NGF were normalized accordingly. (b) Dominant-negative (d/n) forms
of MLK3 and DLK protect rat sympathetic neurons from NGF de-
privation-induced cell death. pCMS.EGFP alone or containing DNA
encoding dominant-negative MLK3 or DLK was transfected into rat
sympathetic neurons, and NGF deprivation was performed as de-
scribed in Materials and Methods. NGF was added back to half the
cultures. Numbers of transfected cells were determined 24 and 48 h
after NGF deprivation as described in Materials and Methods. Num-
bers from cultures with NGF were used as controls for each transfec-
tion and defined as 100% survival, and values from NGF deprivation
cultures were normalized to them. Values are the means from three
replicate cultures plus SEM. Similar results were obtained in two
additional independent experiments.
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the MLKs, we cotransfected MLK family members together
with myristylated AKT (myr-AKT). Myr-AKT appears to be
constitutively activated when expressed in cells (19). The data
depicted in Fig. 11 show that myr-AKT effectively suppressed
death caused by overexpression of MLK, family members. Co-
transfection with wild-type AKT also suppressed death (data
not shown).

The role of ASK1 in the JNK apoptotic pathway. ASK1 is
identified as an MKK kinase that can activate the JNK and p38
signaling cascades (29). It was recently reported that overex-
pression of DN ASK1 evokes death of neuronal PC12 cells and
sympathetic neurons and that a dominant-negative ASK1 par-
tially protects such cells from death induced by NGF with-
drawal (32). We confirmed that DN ASK1 evokes death when

transfected into neuronal PC12 cells; however, the extent of
death was considerably less than that achieved with compara-
ble amounts of cDNA encoding MLKs (Fig. 10). Moreover, in
contrast to its protective effects against death evoked by acti-
vated Rac1 and Cdc42, MLKs, or NGF withdrawal, CEP-1347
had little, if any, effect on the extent of death promoted by DN
ASK1 (Fig. 10). This finding indicates that ASK1 is neither a
target of CEP-1347 nor upstream of the MLKs.

To determine whether ASK1 might interact directly with

FIG. 9. Elevation of DLK levels and phosphorylation in response
to NGF deprivation and UV treatment. (A) DLK response to NGF
deprivation (2NGF). PC12 cells were treated with NGF for 7 days,
washed with serum-free medium without NGF, replated, and collected
0 (control [Con]), 4, 6, and 12 h later. Cell extracts were prepared and
analyzed by Western immunoblotting as described in Materials and
Methods. DLK antiserum recognized several species at approximately
95 kDa. This recognition was blocked by the peptide used for prepa-
ration of the antiserum, and the fastest-migrating of the recognized
species comigrated with the kinase-inactive form of DLK overex-
pressed in CHO cells (data not shown). The membranes in this and
other panels in this figure were stripped and reprobed with ERK1
antiserum. (B) DLK response to UV irradiation. Neuronally differen-
tiated PC12 cells were either left untreated (Con) or exposed to UV
light (650 J/m2). Four hours later, cell extracts were prepared and
subjected to Western immunoblotting with antisera against DLK and
ERK1. (C) Multiple electrophoretic forms of DLK are generated by
phosphorylation. Extracts of neuronally differentiated PC12 cells ex-
posed to UV light or deprived of NGF (2NGF) as described above
were treated with or without phosphatase (PPase) as described in
Materials and Methods. The extracts were then subjected to Western
immunoblotting with antisera against DLK and ERK1 as probes.

FIG. 10. Death induced by MLK family members is suppressed by
the JNK pathway inhibitor CEP-1347 (200 nM). pCMS.EGFP vector
and DNA encoding MLK family members, Rac1 V12, Cdc42 V12, and
DN ASK1 in pCMS.EGFP were transfected into neuronal PC12 cells.
Percentages of apoptotic nuclei were determined as for Fig. 6. The
values are means of three independent experiments plus SEM.

FIG. 11. Apoptotic death induced by MLK family members is sup-
pressed by myr-AKT. pCMS.EGFP and DNA encoding MLK family
members in pCMS.EGFP were cotransfected with either pCMV6
(control) vector or pCMV6-MyrAKT (MyrAKT) as described in Ma-
terials and Methods. Three days after transfection, surviving trans-
fected cells were counted. Cell numbers for pCMS.EGFP-pCMV6 and
pCMS.EGFP-pCMV6-MyrAKT were defined as 100% survival, and
the cell numbers for other transfections were normalized accordingly.
The values are the means from three independent experiments plus
SEM.
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MLKs or share common binding partners with MLKs, we co-
transfected dominant-negative MLKs with DN ASK1. As
shown in Fig. 12, death caused by DN ASK1 overexpression
was partially suppressed by dominant-negative MLK3 and
dominant-negative DLK. In the converse experiment, a kinase-
inactive dominant-negative ASK1 construct also partially
blocked death evoked by MLK3 and DLK; however, it was not
as effective in this regard as dominant-negative MLK family
members (Fig. 7a). In contrast, dominant-negative ASK1 was
as effective as dominant-negative MLK3 and dominant-nega-
tive DLK in suppressing death evoked by activated Rac1 and
Cdc42 (Fig. 7b).

DISCUSSION

Although several elements in the apoptotic signaling path-
way that lead to JNK and c-Jun activation have been defined,
the molecules that couple Rac1 and Cdc42 to activation of
MKK4 and MKK7 in this pathway are less well understood. In
this light, the drug CEP-1347 provided both a clue and a
challenge. That is, since CEP-1347 blocks JNK activation (42)
and appears to inhibit neither JNKs, MKKs, Rac1, nor Cdc42
directly (42a), there is another implied constituent that must
be in the pathway and that is sensitive to the drug. The data
provided here implicate MLK family members in this role.

Multiple forms of evidence indicate a role for the MLK
family in the neuronal apoptotic JNK/c-Jun pathway. First,
transcripts for all members of the MLK family are expressed in
both naive and neuronally differentiated PC12 cells and in
sympathetic neurons. Moreover, at least two members of the
family (MLK3 and DLK) were found here to be present at the
protein level in PC12 cells. Multiple members of the MLK
family are also present in brain (12, 44, 57) (data not shown).
Second, overexpression of different members of the MLK fam-
ily, including MLK1, MLK2, MLK3, and DLK, induced signif-
icant cell death in both neuronally differentiated and naive
PC12 cells. In addition, the two family members tested (DLK
and MLK3) were also potent inducers of apoptosis in cultured

sympathetic neurons. This process was mediated by activation
of the JNK pathway, as indicated by its blockade by coexpres-
sion of dominant-negative MKK4, dominant-negative MKK7,
or dominant-negative c-Jun. These observations are consistent
with past findings in nonneuronal cells demonstrating that
MLK2, MLK3, and DLK activate the JNK pathway though the
activation of MKK7 and/or SEK1 (MKK4) and that expression
of inactive SEK1 inhibits basal and MLK3-activated JNK ac-
tivity (4, 9, 25, 46, 56, 62, 63, 65). Third, dominant-negative
forms of MLK family members effectively protected neuronally
differentiated PC12 cells and sympathetic neurons from apo-
ptosis induced by NGF deprivation. Fourth, apoptotic stimuli
led to both elevated levels and apparent activation of endog-
enous DLK in neuronal PC12 cells. Lastly, CEP-1347, which
protects sympathetic neurons and neuronally differentiated
PC12 cells from death evoked by NGF deprivation as well as a
number of other insults (42), also protected the cells from
death elicited by overexpression of MLK family members. In
contrast, the compound did not protect against death caused
by overexpression of MKK4 or DN ASK1. This is consistent
with recent findings identifying MLK family members as spe-
cific targets of CEP-1347 (42a).

Our use of various JNK/c-Jun pathway constructs as well as
of CEP-1347 permitted us to verify the order of the constitu-
ents of this pathway. Rac1 and Cdc42 have been implicated as
acting upstream of MKK4 and -7, JNKs, and c-Jun (1, 2, 8, 17,
27, 32, 47, 51, 62, 65). Consistent with prior studies, our ob-
servations that dominant-negative MLKs and CEP-1347 sup-
press death evoked by constitutively activated forms of Rac1
and Cdc42 also place these GTPases upstream of the MLKs.
Furthermore, as anticipated, blockade of MLK-induced death
by dominant-negative MKK4 and -7 as well as by dominant-
negative c-Jun positions MLKs upstream of MKK4 and/or
MKK7. A scheme summarizing this pathway is shown in Fig.
13.

Cytoplasmic cytochrome c is known to cause neuronal death
(11, 36, 49). It was recently reported that JNK null cells exhibit
a defect in the mitochondrial death signaling mechanism, in-
cluding the failure to release cytochrome c in response to
apoptotic stimuli (64). This indicated that JNK activity is up-
stream of mitochondrial events in the death pathway. Our
observation that MLK3 or DLK overexpression leads to loss of
cytochrome c staining is consistent with this interpretation.
The finding that cell death induced by overexpression of MLK
family members can be prevented by general caspase inhibitors
further suggests that MLKs act upstream of caspase activation.

JNK/c-Jun pathway activation has been found to elevate
transcription of FAS ligand in some systems, and this has been
suggested to contribute, in turn, to apoptotic death (40). We
observed in neuronal PC12 cells that a dominant-negative form
of FADD, which should interfere with FAS signaling, provided
only a very limited protection from death elicited by MLK3 or
DLK overexpression (Z. Xu, unpublished results). This sug-
gests that regulated pathways other than those involving FAS
and FADD are likely to play more major roles in death evoked
by MLK or JNK activation. Alternatively, it is possible that
FAS ligand may not depend completely on FADD to kill cells
in our system.

What are the possible mechanisms by which MLK family
members might be activated and by which they, in turn, phos-

FIG. 12. Cell death induced by overexpression of DN ASK1 is par-
tially suppressed by dominant-negative (d/n) forms of MLK3 and
DLK. pCMS.EGFP (GFP) and pCMS.EGFP-DNASK1 (DN ASK1)
were cotransfected with either pCDNA3 vector or constructs encod-
ing dominant-negative MLK3 or dominant-negative DLK (in the
pCDNA3 vector) as described in Materials and Methods. Three days
after transfection, the proportions of apoptotic nuclei were assessed
as described in Materials and Methods. Because the results for
pCMS.EGFP-pCDNA3 and pCMS.EGFP cotransfected with domi-
nant-negative MLK3 or dominant-negative DLK were not apparently
different from one other, only the results for pCMS.EGFP-pCDNA3
are shown. The values are the means from three independent experi-
ments plus SEM.
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phorylate their targets? In addition, what does the capacity,
observed here, of various MLK dominant-negative forms to
block death caused by other MLK family members tell us
about these mechanisms? Overexpressed MLK3 and DLK can
form homodimers through leucine zipper interactions, leading
to autophosphorylation and activation, and such dimerization
is a prerequisite for subsequent activation of JNKs (41, 44, 50).
Vacratsis and Gallo (65) recently reported that constitutively
activated Cdc42 fully activates a monomeric MLK3 leucine
zipper mutant in terms of both autophosphorylation and his-
tone phosphorylation activity and induces the same in vivo
phosphorylation pattern as that of wild-type MLK3. However,
this catalytically active monomeric MLK3 mutant is unable to
stimulate JNK activation because it fails to phosphorylate one
of the two activating phosphorylation sites, Thr258, of MKK4.
These studies indicate that zipper-mediated MLK3 oligomer-
ization is not required for MLK3 activation by Cdc42 but
instead is critical for proper interaction and phosphorylation of
a downstream target(s). This further suggests that one mech-
anism by which MLK and DLK dominant-negative forms act is
by interfering with homodimerization required for substrate
interaction.

In addition to blocking death caused by overexpression of
their own wild-type counterparts, dominant-negative MLK3
and dominant-negative DLK also suppressed death evoked by
other family members. One potential explanation is that vari-
ous family members act in a cascade. For instance, on the basis
that dominant-negative DLK suppresses MLK3-induced JNK1
activation, it was suggested that DLK functions downstream of
MLK3 (60). However, in apparent disagreement with this pos-
sibility, we observed that dominant-negative MLK3 also effec-
tively suppresses death evoked by DLK. A second model is that
MLK3 and DLK form heterodimers whose function can be
blocked by dominant-negative forms of either partner. Consis-
tent with this, the two proteins can be coimmunoprecipitated
(60). However, Nihalani et al. (50) recently provided evidence
that MLK3 and DLK do not form heterodimers.

A third model, which is also consistent with coimmunopre-
cipitation, is that the MLK3 and DLK compete for binding to
a common intermediary protein. For instance, it is possible
that MLK3 and DLK (and their dominant-negative forms)
compete for interaction with upstream activators such as
Cdc42 and Rac1 and/or with the downstream kinases MKK4
and MKK7. For example, there is evidence that MLK2 and
MLK3 associate with the activated (GTP-bound) forms of
Rac1 and Cdc42 (48). Moreover, coexpression of activated
Cdc42 with MLK3 leads to a substantial increase in MLK3
dimerization as well as altered MLK3 serine/threonine phos-
phorylation (4, 41). However, unlike the case of the PAK family
of protein kinases, the activation of MLK3 by Cdc42 cannot be
recapitulated in an in vitro system using purified, recombinant
proteins (4). Such studies thus suggest that an additional com-
ponent is required for MLK3 activation by Cdc42. Good can-
didates for this role would be scaffold proteins, such as JIP1 or
POSH. The multidomain protein POSH binds to the constitu-
tively active form of Rac1, which is known to regulate the
activity of MLKs, while JIP1 binds to MLKs and additional
components of the JNK pathway and appears to be capable of
activating MLKs (50, 61, 67). Thus, it is attractive to consider
the possibility that dominant-negative MLKs may act, at least
in part, by competing for binding to a common scaffold protein
that is required for activation of the JNK death pathway.

One question that is not currently resolved by our experi-
ments is whether all or only a subset of MLK family members
participate in the JNK apoptotic pathway. All appear to be
expressed in the neuronal cell systems studied here, and all
tested members of the family elicited death upon overexpres-
sion. This would suggest that multiple family members may
indeed contribute to JNK activation and thereby to the death
process.

Another kinase that has been raised as a potential upstream
component of the JNK apoptotic pathway in neurons is ASK1.
Overexpression of DN ASK1 evokes death of neuronal PC12
cells and sympathetic neurons, apparently by activation of the

FIG. 13. Scheme for the MLK-dependent pathway for apoptotic neuronal death. NGF deprivation of neuronal cells induces the activation of
Cdc42 and Rac1, which in turn activate the MLK family members, very likely with the mediation of a scaffold protein(s). Activated MLKs
phosphorylate and activate MKK4 and -7 (and possibly other MKK family members) which, in turn, leads to the phosphorylation and activation
of JNK and c-Jun subsequently. The activated JNK pathway induces the release of cytochrome c, which activates the caspase cascade and thus leads
to cell death. CEP-1347 protects both NGF deprivation and expression of MLK-induced death. The protection is presumably due to its inhibition
of the activity of MLK family.
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JNK/c-Jun pathway, and dominant-negative ASK1 partially
protects such cells from death caused by NGF withdrawal (32).
We observed that death stimulated by active ASK1, in contrast
to death evoked by NGF deprivation and other apoptotic stim-
uli, was not blocked by CEP-1347 and that dominant-negative
ASK1 partially suppressed death caused by MLK3 and DLK
overexpression. Two main interpretations of these findings are
currently possible. One is that ASK1 lies downstream of MLKs
in the JNK pathway. However, our observation that dominant-
negative MLK3 and dominant-negative DLK reciprocally in-
hibit death evoked by constitutively active ASK1 is inconsistent
with this possibility. The other interpretation is that ASK1 is
not a major player in the JNK death pathway activated by NGF
withdrawal and that the protective effects of dominant-nega-
tive ASK1 overexpression reflect nonspecific competition with
MLKs for interaction with Rac1, Cdc42, scaffold proteins, or
downstream targets.

We noted that death promoted by MLK family members
and other elements of the JNK pathway was suppressed by
coexpression of a constitutively active form of AKT (Fig. 11
and data not shown). AKT plays an important role in mediat-
ing antiapoptotic activities of growth factors and appears to do
so in part by phosphorylating and affecting the activities of a
number of proapoptotic proteins, including caspase 9, BAD,
IkB kinase, GSK3b, and FKHR (16; reviewed in references 33
to 35). Although AKT was recently reported to inhibit the
Rac1 signal transduction pathway (37), an additional mecha-
nism must be invoked in the present studies, since it also
provided protection from elements that are downstream of
Rac1 in the JNK death pathway. This indicates that AKT must
suppress the JNK-dependent death mechanism not only up-
stream or at the level of Rac1 activation but also at some point
downstream of MLKs (which appear to lack consensus sites for
AKT phosphorylation). Although the identity of the down-
stream AKT-sensitive element(s) is unknown, it is of interest
that many known substrates seem unlikely. Rat (the species
used in our studies) caspase 9 lacks the consensus site for
phosphorylation by AKT, and there is no current evidence that
BAD is involved in death evoked by NGF deprivation. Also,
GSK3b and FKHR do not appear to be likely downstream
targets of the JNK pathway. This raises the possibility that
downstream of the JNK pathway there lies an additional novel
AKT substrate that regulates survival and death.
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