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c-Jun activation by mitogen-activated protein kinases has been implicated in various cellular signal re-
sponses. We investigated how JNK and c-Jun contribute to neuronal differentiation, cell survival, and apo-
ptosis. In differentiated PC12 cells, JNK signaling can induce apoptosis and c-Jun mediates this response. In
contrast, we show that in PC12 cells that are not yet differentiated, the AP-1 family member ATF-2 and not
c-Jun acts as an executor of apoptosis. In this context c-Jun expression protects against apoptosis and triggers
neurite formation. Thus, c-Jun has opposite functions before and after neuronal differentiation. These findings
suggest a model in which the balance between ATF-2 and Jun activity in PC12 cells governs the choice between
differentiation towards a neuronal fate and an apoptotic program. Further analysis of c-Jun mutants showed
that the differentiation response requires functional dimerization and DNA-binding domains and that it is
stimulated by phosphorylation in the transactivation domain. In contrast, c-Jun mutants incompetent for DNA
binding or dimerization and also mutants lacking JNK binding and phosphorylation sites that cannot elicit
neuronal differentiation efficiently protect PC12 cells from apoptosis. Hence, the protective role of c-Jun
appears to be mediated by an unconventional mechanism that is separable from its function as a classical AP-1

transcription factor.

Jun NH,-terminal kinases (JNKs), a subfamily of the stress-
activated mitogen-activated protein kinases (MAPKs), have
complex functions in the control of programmed cell death, or
apoptosis. Perhaps best understood is the role of JNK during
neuronal cell death. Targeted mutagenesis experiments in the
mouse have demonstrated the existence of an excitotoxin-in-
duced signaling pathway that leads, via the activation of JNK-3
(a neuron-specific form of JNK) and the subsequent phosphor-
ylation of the transcription factor c-Jun on serines 63 and 73, to
the induction of cell death in hippocampal neurons (reviewed
in references 4 and 20). The thus-triggered apoptotic program
appears to involve de novo transcription, activated by phos-
phorylated c-Jun (1). The function of c-Jun phosphorylation by
JNK as a trigger for neuronal apoptosis is further supported by
a large body of experimental evidence, obtained in model sys-
tems such as PC12 cells or explanted primary neurons (see
below).

The ability of INKSs to mediate cell death is not restricted to
neurons. JNK-deficient (jnk! '~ and jnk2 /") mouse embry-
onic fibroblasts are incompetent to undergo apoptosis in re-
sponse to UV light (29). Unexpectedly, the primary effect of
JNKSs as mediators of UV-induced apoptosis in primary mouse
embryonic fibroblasts appears to involve cytochrome ¢ release
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from mitochondria and does not require gene transcription. In
a different paradigm, however—the apoptotic response of 3T3
fibroblasts to DNA damage—JNK instructs cells to commit
suicide via transcriptional activation of the Fas ligand CD95-L
(16). Evidently, there are multiple mechanisms by which JNK
stimulation can direct cells towards suicide. The complex role
of INK in the control of apoptosis is further illustrated by the
phenotype displayed by JNK 1- and 2-deficient mice (17). As
expected based on the experiments described above, certain
apoptotic responses are abolished in these animals, leading for
example to reduced cell degeneration during hindbrain and
neural tube formation. In contrast, however, forebrain cells
undergo apoptosis much more frequently in jukl '~ jnk2=/~
mice than in wild-type controls. This indicates that, depending
on the biological context, loss of JNK function can lead both to
excessive and to insufficient levels of cell death.

c-Jun, one of the principle mediators of the transcriptional
response to JNK activation, plays an equally enigmatic role in
the control of cell death. c-Jun is a member of the AP-1 family
of leucine zipper transcription factors. It can form DNA-bind-
ing homodimers or heterodimers with other family members
such as JunD, c-Fos, and ATF-2 (reviewed in reference 15).
Strong evidence identifies c-Jun as an executor of death signals
in neurons and neuronally differentiated PC12 cells as well as
in fibroblasts (16, 29). However, in other biological situations
c-Jun acts as an antiapoptotic factor. During mouse hepato-
genesis (1, 6, 12), the presence of c-Jun prevents apoptosis. An
antiapoptotic function has also been proposed based on studies
with c-Jun-deficient fibroblasts, which became protected
against stress-induced apoptosis upon reintroduction of c-Jun
by a viral vector (36). The molecular basis for the dual role of
c-Jun in apoptosis is not fully understood. It may depend on
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the target gene activated by c-Jun in the respective cell type. As
pointed out above, c-Jun can serve as a transcriptional activa-
tor of the apoptosis-inducing Fas ligand (16, 19) but also as a
repressor of the tumor suppressor and death agonist p53 (26),
depending on the cell type.

To better understand the parameters that determine the
specific response to JNK signaling in the context of cell death,
we performed experiments with PC12 cell cultures, which pro-
vide a defined system for studying differential responses to
MAPK signaling. In particular, the signaling events leading to
apoptosis in PC12 cells can be dissected using various gene
transfer and chemical approaches. In response to nerve growth
factor (NGF) treatment, PC12 cells adopt a sympathetic neu-
ronal phenotype (27). Once differentiated, the cells become
NGF dependent, and removal of the neurotrophin triggers the
JNK signaling cascade and results in apoptosis (37). Interest-
ingly, c-Jun has been implicated both in neuronal differentia-
tion in response to NGF and in death upon NGF withdrawal.
In previously published studies, in which neuronally differen-
tiated PC12 cells or sympathetic neurons were used, apoptosis
induced by NGF withdrawal was prevented by dominant-neg-
ative mutants or by microinjected antibodies specific for c-Jun
(7, 9, 37). In addition, expression of an activated form of
MEKKI, an upstream activator of the JNK pathway, or of
c-Jun™P, a pseudophosphorylated and, hence, constitutively
active mutant of c-Jun, was sufficient to trigger apoptosis in
cerebellar granule neurons (34). Reproducing these findings,
we observed that microinjection of differentiated PC12 cells
with a plasmid coding for c-Jun®*P reduced PC12 cell survival
in comparison to cells that received c-Jun™ or c-Jun*", a
mutant which cannot be phosphorylated by JNK (S. Leppd,
unpublished observation). Collectively, these results indicate
that activation of c-Jun causes apoptosis in differentiated PC12
and other neuronal cells. Undifferentiated cells, however, be-
have differently. Here, c-Jun™P leads to differentiation and,
importantly, has no adverse effect on cell viability (21).
MEKXKI activation, on the other hand, efficiently triggers ap-
optosis in both the differentiated and undifferentiated cells.
These findings imply that the mechanisms regulating apoptosis
and the response to c-Jun activation differ, depending on the
differentiation state of the cell. Here we compare the functions
of c-Jun as a mediator of differentiation, death, and survival.
Our findings indicate that these different responses require
different biochemical functions of c-Jun.

MATERIALS AND METHODS

Plasmids. Plasmids for cytomegalovirus (CMV) enhancer-driven expression of
epitope-tagged c-Jun™!, c-Jun®?, c-Jun®*P, c-Jun®31-57 ¢-Jun®#!¥, c-Jun!'-223NLS,
and c-Fos mammalian cells and nuclear B-galactosidase and a reporter plasmid,
—60/+63 col LUC (see below), have been described (21, 23, 30, 31). The Renilla
luciferase control vector driven by the human ubiquitin promoter was a gift from
Carsten Weiss. CMV enhancer-driven expression vectors for hemagglutinin
(HA)-tagged mutant forms of c-Jun were constructed by replacing the PstI-Hpal
fragment of c-Jun™" with a mutated fragment derived from pHJ19 MUT series
(2). The murine JunD and JunB ¢cDNAs were provided by M. Yaniv; they were
cloned into a CMV enhancer-driven expression vector, and an HA epitope tag
was inserted C terminally. The constructs for mammalian expression for ATF-2
derivatives were provided by P. Angel, and the construct for constitutively active
MEKKI1 (35) was provided by R. J. Davies.

Cell culture, microinjection, and transfections. Rat pheochromocytoma PC12
cells were routinely cultured in collagen-coated dishes in a humidified 7.5% CO,
atmosphere at 37°C in Dulbecco modified Eagle medium supplemented with
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10% horse serum and 5% fetal calf serum. For microinjection, cells were seeded
on laminin-coated plastic plates (20 wg of mouse laminin [Sigma] per ml) to
provide better adhesion and to facilitate neurite outgrowth. Microinjections were
performed using an automated injection system and a Zeiss inverted microscope.
All plasmids were injected into the nucleus at a concentration of 50 pg of
expression vector per ml unless otherwise stated. A total of 100 to 150 cells were
injected per experiment. Human 293 cells were cultured in a humidified 5% CO,
atmosphere at 37°C in Dulbecco modified Eagle medium with 10% fetal calf
serum. Transient transfections into PC12 cells and 293 cells were done with
Fugene reagent according to the manufacturer’s instructions (Roche).

Immunostaining. Cells were fixed with 2% paraformaldehyde in phosphate-
buffered saline (PBS), washed with PBS, and permeabilized with 0.1% Triton
X-100 in PBS on ice. Blocking with 1% bovine serum albumin (BSA) in PBS for
30 min and incubations with primary antibodies in 1% BSA-PBS for 1 h were
done at room temperature. Antibodies included a monoclonal antibody (MAb)
against B-galactosidase (Promega), a MADb against the HA epitope (clone
12CA5), a MADb against the myc epitope (clone 9E10), and a polyclonal antibody
against c-Jun (2). After several washes, bound antibodies were visualized
using a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Jack-
son Laboratories) for 1 h at room temperature. The morphology of the cells was
visualized using tetramethyl rhodamine isothiocyanate (TRITC)-labeled phalloi-
din (Sigma). Cells were further washed extensively with PBS, and Hoechst dye
33258 (Sigma) was included in the last wash to stain the nuclei. Finally, the cells
were mounted under a coverslip using Mowiol. Samples were examined using a
Zeiss LSM410 confocal imaging system. For quantification of neurite outgrowth,
the cells forming neurites longer than twice the diameter of the cell body were
scored as differentiated. TUNEL (terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling) staining was performed according to the
manufacturer’s instructions (Roche). The statistical significance of differences
seen in cell survival and neurite formation assays was analyzed using Student’s ¢
test. All P values were two tailed.

Western blot analysis. 293 cells were lysed directly in sodium dodecyl sulfate
(SDS) sample buffer and sonicated with a microtipped Branson sonifier. Samples
were separated on an SDS-10% polyacrylamide gel and transferred onto nitro-
cellulose membranes by electroblotting. Detection was performed using a MAb
against the HA epitope. Horseradish peroxidase-conjugated secondary antibod-
ies were purchased from Jackson Laboratories. The blots were developed using
an enhanced chemiluminescence protocol (Amersham).

Luciferase assays. AP-1 activity was assayed using a reporter plasmid, —60/
+63 col LUC (30). The plasmid carries a luciferase gene under the control of an
AP-1-responsive element present within a collagenase gene promoter. The ac-
tivity of collagenase reporter was normalized to the activity of the control re-
porter (Renilla). Dual luciferase assays were performed according to the manu-
facturer’s instructions (Promega).

RESULTS

c-Jun protects undifferentiated PC12 cells from AMEKK1-
induced apoptosis. As pointed out in the introduction, the
effect of c-Jun in the control of cell death may vary depending
on the biological context. The differentiation state of the cell,
for example, may influence whether c-Jun activation causes cell
death. To directly examine if and how the consequences of
c-Jun and JNK signaling on apoptosis differ between differen-
tiated and undifferentiated PC12 cells, we undertook microin-
jection experiments. Consistent with previous studies (21, 37),
deliberate activation of the JNK pathway by microinjection of
a plasmid coding for the signal-independent catalytically active
domain of MEKK1 (AMEKK1) induced prominent apoptosis
in undifferentiated cells, as characterized by TUNEL staining
(Fig. 1). This response was accompanied by morphological
changes that are characteristic of apoptosis, including shrink-
age of the cell bodies, membrane blebbing, and disruption of
the nuclear membranes (Fig. 2A). At 36 h after injection with
the AMEKKI1 expression vector, only 5% of the cells were alive
(Fig. 2B), whereas most of the control cells (91%) injected with
an expression vector for a nuclear B-galactosidase survived
(Fig. 2B).
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FIG. 1. c-Jun expression rescues PC12 cells from AMEKK-induced
apoptosis. (A) Induction of apoptosis in PC12 cells expressing
AMEKK. PCI12 cells were transfected with expression vectors for
AMEKK and nuclear B-galactosidase (-gal). After 24 h, the cells were
fixed and double stained with anti-B-galactosidase antibody to detect
transfected cells and with TUNEL reagent to mark cells undergoing
apoptosis. Nuclei of cells expressing AMEKK appear red (left panel),
and apoptotic cells are visualized in green (middle panel). (B) Quan-
tification of apoptosis. The percentage of TUNEL-positive cells among
the transfected cells was determined. The data are the means * stan-
dard errors of two separate experiments.

c-Jun is expressed at very low levels in undifferentiated PC12
cells, even after activation of the JNK pathway (21), suggesting
that it may not be involved in the observed apoptotic effect of
AMEKKI. To examine whether c-Jun might, nevertheless, be
able to contribute to AMEKKI-induced apoptosis of undiffer-
entiated PC12 cells, as it does in differentiated ones, we coin-
jected expression plasmids for both c-Jun and AMEKKI1. Sur-
prisingly, c-Jun did not enhance cell death but prevented it in
the undifferentiated PC12 cells (Fig. 1 and 2). This effect was
concentration dependent; even when the amount of the c-Jun
expression vector was decreased from the standard concentra-
tion of 50 pg/ml in the injection solution to 2 pg/ml, cell
survival was still significantly increased (P = 0.005). Suppres-
sion of apoptosis by c-Jun expression was accompanied by the
formation of long neurites from the cell bodies, as was previ-
ously reported (21) (Fig. 2A and C).

The findings described above indicate that c-Jun not only
serves as a differentiation factor but in addition acts antiapo-
ptotically in PC12 cells. To investigate whether one or both of
these functions may be shared by related transcription factors,
we tested several other members of the AP-1 family for their
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effects on undifferentiated PC12 cells (Fig. 2C and D). Among
the Jun proteins, JunD acts very similarly to c-Jun in that it
effectively promotes neurite outgrowth and prevents apoptosis
when expressed along with AMEKKI. JunB, on the other
hand, suppresses apoptosis to the same extent as c-Jun and
JunD but is a very inefficient inducer of neuronal differentia-
tion. The AP-1 family member ATF-2 can neither suppress
apoptosis nor drive PC12 cells into neuronal differentiation.
All AP-1 proteins were expressed at comparable levels, based
on immunostaining. Two Jun family members, c-Jun and
JunD, shared the ability to induce neuronal differentiation, an
activity that JunB does not have. However, all three Jun pro-
teins can protect against apoptosis. Thus, the capacities to
promote differentiation and to prevent death are not coupled,
suggesting that they might be mediated by separable molecular
activities.

The protective effect of c-Jun is independent of JNK binding
and phosphorylation. JNK activates c-Jun by phosphorylating
Ser 63 and 73 and Thr 91 and/or Thr 93 residues in the trans-
activation domain (1, 5, 11, 18, 23, 25). Homologous phosphor-
ylation sites are found in JunD yet are absent in JunB (14).
Thus, the presence of these sites correlates with the ability of
Jun proteins to induce neuronal differentiation in the previous
experiment but not with the antiapoptotic effect. To directly
address the significance of c-Jun phosphorylation by JNK for
the survival function, we expressed AMEKKI along with c-
Jun™?, in which all the above-mentioned sites are replaced by
alanine residues and which therefore cannot be phosphory-
lated by JNK (Fig. 3A). After 36 to 48 h, the numbers of cells
which survived and/or differentiated were scored. We found
that the apoptotic effect of AMEKKI1 was significantly sup-
pressed by c-Jun!* and that this suppression was quantitatively
similar to that obtained with c-Jun™" or c-Jun®*P. The latter is
a gain-of-function mutant of c-Jun in which the MAPK phos-
phorylation sites are replaced by negatively charged phos-
phate-mimetic aspartic acid residues. Thus, the ability of c-Jun
to antagonize MEKK-initiated apoptosis is independent of
phosphorylation by JNK (Fig. 3C). In contrast, AMEKKI ex-
pression increased the efficiency of neuronal differentiation
elicited by c-Jun™* expression. This was, presumably, due to
phosphorylation of c-Jun by JNK, since the moderate neurite
outgrowth observed after expression of c-Jun™"® was not in-
creased when AMEKK1 was also introduced into the cells
(compare Fig. 3B and D). We conclude that the function of
c-Jun as a survival factor does not require MAPK phosphory-
lation, whereas this modification is important for its role in
differentiation.

With phosphorylation not involved, an alternative explana-
tion for the protective function of exogenously expressed c-Jun
would be that the protein titrates out activated JNK. If the
escape from apoptosis caused by c-Jun expression was simply
due to sequestration of JNK, the 8 deletion mutant c-Jun**'=7,
which lacks the docking site for the kinase, would be expected
not to rescue PC12 cells from AMEKKI-induced apoptosis.
However, expression of this & domain-less mutant, along with
AMEKKI1, prevented cell death as effectively as wild-type c-
Jun (Fig. 3C). In addition, prominent neurite outgrowth was
induced (Fig. 3D). In fact, the deletion mutant lacking the 3
domain caused differentiation more efficiently than wild-type
c-Jun (Fig. 3B). Consistently, the 8 deletion mutant is a more
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FIG. 2. Jun proteins but not ATF-2 rescue PC12 cells from AMEKK-induced apoptosis. (A) Morphology of PC12 cells expressing AMEKK
alone or AMEKK with increasing concentrations of c-Jun, as indicated. Nuclear 3-galactosidase was coexpressed to mark the injected cells. After
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potent inducer of AP-1 reporter activity than c-Jun™* (data not
shown) (2). The gain-of-function characteristics of c-Jun*3*!=>7
are surprising in light of the fact that this mutant, lacking the
main JNK docking site, was not expected to be N-terminally
phosphorylated. Interestingly, however, at least under the ex-
perimental conditions employed, the mutant appeared to be
efficiently phosphorylated when cotransfected with AMEKK,
as judged by SDS-gel mobility (Fig. 3E). The reason for this
effect and the question of how c-Jun can be phosphorylated in
the absence of a JNK docking site await experimental clarifi-
cation. These results indicate that JNK binding is not required
for the phosphorylation, antiapoptotis, and differentiation ac-
tivities of c-Jun in undifferentiated PC12 cells.

c-Jun can antagonize MEKK-induced cell death indepen-
dently of DNA binding and dimerization. To further investi-
gate the importance of the distinct functional domains of c-Jun
for the antiapoptotic effect, we tested whether the deletion
mutants c-Jun®?"" and c-Jun'"?*N'S| which lack transactiva-
tion and bZIP domains, respectively, could prevent AMEKK1-
induced death of undifferentiated PC12 cells. The N-terminally
truncated mutant, c-Jun®#™®, acts as a dominant interfering
mutant of c-Jun, presumably by sequestering endogenous AP-1
components or by occupying the AP-1 DNA-binding site. In
contrast to the effect of dominant-negative c-Jun in differen-
tiated PC12 cells, where it suppresses AMEKK1-induced apo-
ptosis (21, 37), the expression of c-Jun"#'® did not have this
effect in undifferentiated PC12 cells (Fig. 4B). This illustrates
further that AP-1 activation does not play a positive role in
mediating apoptosis in the undifferentiated cells. c-Jun'=22NLS,
which includes the transactivation and JNK-binding domains
fused to a simian virus 40 nuclear localization signal in order to
ensure correct localization in the nucleus, was equally ineffi-
cient in preventing apoptosis (Fig. 4B) and in inducing differ-
entiation (Fig. 4C). These results imply that the general integ-
rity of c-Jun is required for its ability to antagonize MEKK1-
mediated death and to induce differentiation. However, some
lesions, such as removal of the phosphorylation sites that im-
pair transcriptional functions and the ability of c-Jun to initiate
neuronal differentiation, do not affect the protective function
observed in undifferentiated PC12 cells. Furthermore, the fail-
ure of c-Jun'?**N"S_which contains all the known transcrip-
tional activation domains of c-Jun, to rescue cells from apo-
ptosis indicates that the underlying mechanism is unlikely to
result from “squelching,” the competition for transcription co-
activators.

The results described above indicate that c-Jun’s ability to
antagonize MEKK1-induced apoptosis in PC12 cells relies on
an unconventional mechanism. To investigate whether other
aspects of c-Jun function that are essential for its activity as a
transcription factor are required for the antiapoptotic effect,
we analyzed a panel of previously characterized c-Jun mutants
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in which dimerization and/or DNA binding functions are im-
paired (2). c-Jun™VY"* homodimers and even heterodimers of
this mutant with wild-type c-Fos cannot bind to DNA due to
two amino acid substitutions in the basic domain. When we
tested its transactivation potential in PC12 cells, we observed
that unlike c-Jun™, c-JunMVT'* does not enhance MEKK-
induced AP-1 responsive promoter activity (Fig. 4D). Consis-
tently, c-Jun™MY™'* cannot drive PC12 cells towards neuronal
differentiation (Fig. 4C). However, the same mutant still
causes significant suppression of AMEKKI1-induced apoptosis
(Fig. 4B). Thus, DNA binding and 12-O-tetradecanoyl-phor-
bol-13-acetate-responsive-element-dependent transactivation
are not required for the rescue effect. c-Jun™Y""? carries a less
severe mutation in the DNA-binding domain, which causes a
significant decrease of c-Jun’s ability to bind DNA as a ho-
modimer. This mutant can, however, bind to AP-1 sites well
when dimerized with c-Fos (D. Bohmann, unpublished data).
Moreover, it can potentiate the MEKKI1-induced reporter ac-
tivity in PC12 cells (Fig. 4D). Interestingly, in the microinjec-
tion assay, c-Jun™YT!2 behaves in all respects like the wild-type
protein: it not only blocks apoptosis but also efficiently induces
neuronal differentiation. This result suggests that c-Jun acts as
a heterodimer when it activates the neuronal differentiation.
Consistent with this idea, coexpression of c-Jun and c-Fos
results in more efficient neuronal differentiation than the ex-
pression of either c-Jun or c-Fos alone (Fig. 4E).

Next, we investigated whether dimerization and the integrity
of the leucine zipper are important for protection from death.
Two point mutations within the leucine zipper of c-Jun™v722-23
abolish its ability to homodimerize or heterodimerize with
other AP-1 proteins (2, 24). Like c-Jun™V""*, this form of
c-Jun could rescue PC12 cells from apoptosis but had com-
pletely lost the ability to stimulate neurite formation (Fig. 4C)
and AP-1 transcriptional activity (Fig. 4D). c-Jun™" ™"’ which
has a mildly enhancing effect on homodimerization but not on
heterodimerization with Fos (2, 28), was also tested. This mu-
tation did not, however, affect the activity of c-Jun in the
differentiation or survival assay. From all the data together, it
appears that the antiapoptotic function of c-Jun described here
is not mediated by the conventional AP-1 activity of the pro-
tein, which involves dimerization, DNA binding, and transcrip-
tional activation of target genes. Rather, in this context, c-Jun
acts in a manner independent of its DNA-binding capacity,
possibly by interacting with other proteins.

ATF-2 mediates MEKK-induced apoptosis in undifferenti-
ated PC12 cells. The results described above indicate that, in
contrast to its previously described role in neuronally differen-
tiated cells, where c-Jun mediates cell death in response to
MEKK activity, it protects undifferentiated cells from such a
fate. This raises the question of which effector, if not c-Jun,
mediates the apoptotic response to MEKK activation in the

36 h, the cells were fixed and stained with anti-B-galactosidase. Injected cells were detected using FITC-labeled secondary antibodies (green), and
the morphology of the cells was visualized by actin staining (red). Cells were examined by confocal microscopy. (B and D) Quantification of cell
survival. The percentage of viable cells was determined. In apoptotic cells, B-galactosidase staining is punctate, and the cell bodies have shrunk.
(C and E) Quantitation of neurite outgrowth. The percentage of the cells with neurites exceeding twice the cell length among the microinjected
(FITC positive) cells is shown. c-Jun, JunB, JunD, and ATF-2 were compared for their ability to counteract AMEKK-induced cell death (D) and
to induce neuronal differentiation (E). The data are the means = standard errors of two or three separate experiments. Statistically significant
differences from values for AMEKK-expressing cells are indicated as follows: *, P < 0.05; #*, P < 0.01; ##%, P < 0.001.



4374 LEPPA ET AL. MoL. CELL. BIOL.

—

T T T

20 40 60 80
cells with neurites (%)

AMEKK [}~ C
+ c-Jun"t A ek
+ c_JunA31-57 1 %%
+c-JunAla —t %
+ c-JunAspP —
© 20 40 60 80

cell survival (%)

AMEKK ||~ D
E wT Ad + c-Jun¥t T
AMEKK PR s »
e + c-Junhla 1oxx
c-Jun -— a - <_ + c-JunAspP 4 %K¥
6 20 40 60 80

cells with neurites (%
oaHA )

FIG. 3. c-Jun-mediated protection from AMEKK-induced apoptosis is JNK independent. (A) Morphology of cells expressing c-Jun derivatives
and AMEKK. PC12 cells were injected with c-Jun™, c-Jun®*'=7, c-Jun®, or c-Jun”**P expression vectors in the presence or absence of AMEKK,
as indicated. Nuclear -galactosidase was coexpressed to mark the injected cells. The cells were fixed after 40 h, stained with anti-p-galactosidase
(green) and TRITC-phalloidin (red), and examined by confocal microscopy. (B to D) Quantification of cell survival and neurite outgrowth was
performed as for Fig. 1. The data are means * standard errors of two or three separate experiments. Statistically significant differences from values
for AMEKK-expressing cells are indicated as follows: , P < 0.05; s, P < 0.01; #s#x, P < 0.001. (E) c-Jun®*'~>" is phosphorylated in response to
AMEKK. HA-tagged c-Jun and c-Jun®*'~>7 were expressed alone or with AMEKK in 293 cells. Cells were harvested 24 h posttransfection, and
whole-cell extracts were analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting using anti-HA antibody.
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undifferentiated state. A potential candidate is the bZIP pro-
tein ATF-2. This transcription factor is phosphorylated and
activated by JNK and thus can mediate MEKK responses (8,
32). Phosphorylated ATF-2 has been detected in rat brain
neurons and PC12 cells upon apoptosis-inducing insults, such
as hypoxia or okadaic acid treatment (33). We tested a poten-
tial role of ATF-2 phosphorylation in death and differentiation
of PC12 cells by the microinjection assay. ATF-2 derivatives, in
which the JNK phosphorylation sites had been mutated, were
introduced into PC12 cells (Fig. 5). After 48 h the numbers of
cells which survived or differentiated were counted. When con-
stitutively active ATF-2 (ATF-2FP) was expressed in PC12
cells, a decrease in surviving cells (Fig. 5A), and increased
apoptosis (Fig. 5C) were observed. In comparison, expression
of ATF-2"T caused a moderate decrease in cell survival,
whereas ATF-2**, which cannot be phosphorylated by JNK,
failed to induce cell death. Unlike c-Jun”**P, none of the ATF-2
derivatives could induce PCI12 cell differentiation. Thus,
ATEF-2 phosphorylation by JNK in response to MEKK signal-
ing triggers apoptosis of PC12 cells in their undifferentiated
state. To investigate whether ATF-2 might represent the
death-inducing principle that is antagonized by c-Jun, we co-
expressed ATF-2FP along with c-Jun derivatives in undiffer-
entiated PC12 cells. Indeed, c-Jun®*P could partially counter-
act ATF-2-induced cell death and push the cells along the
alternative path of neuronal differentiation.

To corroborate these results with an alternative experimen-
tal approach, we used transient transfection to express differ-
ent amounts of cJun®* and ATF-2FP in undifferentiated PC12
cells (Fig. 5C and D). This titration experiment shows a dos-
age-dependent effect of ATF-2 in the induction of apoptosis
and of c-Jun in antiapoptosis and the induction of neuronal
differentiation. These results indicate that the balance between
ATF-2 and c-Jun is important in determining the PC12 cell
responses. The suppression of the ATF-25P-induced apoptosis
could also be observed when the nondimerizing c-Jun mutant
MUT22-23 was employed. However, this c-Jun mutant could
not trigger the differentiation program. Evidently, c-Jun can
suppress the ATF-2-mediated apoptosis with same character-
istics as when it antagonizes AMEKK.

DISCUSSION

The biological program that is initiated upon exposure of
undifferentiated PC12 cells to NGF encompasses the cessation
of proliferation, the suppression of apoptosis, and the trigger-
ing of neuronal differentiation. We have previously demon-
strated that c-Jun can mediate the differentiation effects of
NGF (21). Here we show that a further aspect of the NGF
response, namely, survival, is supported by c-Jun (Fig. 6). In its
capacity as a differentiation factor, c-Jun seems to work like a
conventional AP-1 transcription factor, since functional DNA-
binding, dimerization, and transactivation domains are all nec-
essary for neurite formation. In addition, phosphorylation of
the MAPK target residues, as induced by NGF treatment (21),
enhances the differentiation response as well as transcriptional
activation of an AP-1 reporter, whereas a dominant interfering
mutant inhibits both of these functions.

It is worth noting that obliteration of the JNK-docking site
by removal of the 8 domain generates a gain-of-function mu-
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tant for neuronal differentiation. Interestingly, the & deletion,
as found in v-Jun, also increases the transforming potential of
the protein (3). Perhaps in cell transformation, a process in
which c-Jun has been found to cooperate with oncogenic Ras
(13, 22), and in NGF-dependent differentiation of PC12 cells,
which is also thought to be mediated by Ras, c-Jun acts in a
comparable manner.

In its second guise, c-Jun acts antiapoptotically and inter-
feres with MEKK-induced cell death when PCI12 cells are not
yet neuronally differentiated. For this effect, several canonical
functions of c-Jun as an AP-1 transcription factor are not
essential. A physical interaction with other leucine zipper pro-
teins and with JNK and even a direct contact to DNA appear
not to be required for c-Jun to help undifferentiated PC12 cells
survive MEKK1 activation. Furthermore, dominant-negative
forms of the protein cannot suppress the antiapoptotic func-
tion of c-Jun. This novel activity of c-Jun is shared by its close
relatives JunD and JunB. In a paper on a similar topic, Le-
Nicolescu and colleagues reported that activation of JNK in a
PC12 cell line in which AMEKKI1 can be inducibly expressed
from a stably transfected vector causes apoptosis irrespective
of the differentiation state (19), i.e., they did not observe the
protective function of c-Jun described here. This may be due to
the modified PC12 line used in this study. The basal levels of
JNK activity present in these cells before induction might cre-
ate a milieu resembling in some respect that of differentiated
cells, where c-Jun activation leads to cell death. As the study
presented here used de novo introduction of Jun and MEKK
proteins in naive PC12 cells, this situation was avoided.

The nonconventional mechanism by which c-Jun, JunB, and
JunD bring about the rescue function remains a matter of
speculation at this point. Our experiments identify the AP-1
family member ATF-2 as an agonist of cell death in undiffer-
entiated PC12 cells. A dominant activated form of ATF-2 can
mimic the effect of deliberate JNK activation and induce ap-
optosis. As in the case of MEKKI-induced cell death, this
effect can be suppressed by coexpression of c-Jun. Interest-
ingly, c-Jun appears to counteract ATF-2-and AMEKK1-me-
diated death by the same unconventional mechanism that does
not require dimerization or DNA binding. This makes a simple
model where c-Jun would modulate ATF-2 function by direct
contact unlikely. An indirect effect, such as competition for
cofactors, may be an alternative explanation, even though the
inability of the isolated transactivation region to inhibit apo-
ptosis appears to argue against a classical squelching mecha-
nism. We speculate that balance between ATF-2 and Jun ac-
tivities in the differentiation-competent PC12 cells will be an
important factor in the decision between the alternative fates
of neuronal differentiation and death.

Our experiments implicate Jun proteins in the control of two
opposing programs in neuronal cells as they can either cause
cell differentiation and survival or initiate programmed cell
death. Studies in primary neurons suffering axotomy yielded
related results. Herdegen and colleagues described two alter-
native neuronal fates after axon transection, regeneration, or
apoptosis (10). Interestingly, it was found that elevated c-Jun
levels and c-Jun phosphorylation are involved in both of these
responses. This indicates that the mechanism described here is
not a peculiarity of the PCI12 cell system but reflects a physi-
ological regulatory phenomenon in the brain.
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FIG. 4. c-Jun dimerization and DNA binding are not necessary for rescue from AMEKK-induced apoptosis. (A) Morphology of cells expressing
c-Jun mutants and AMEKK. PC12 cells were injected with expression vectors for AMEKK together with c-Jun™ or various c-Jun mutants as
indicated. A plasmid coding for nuclear B-galactosidase was coexpressed to mark the injected cells. After 40 h, the cells were fixed, stained with
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FIG. 5. Activated ATF-2 induces cell death in PC12 cells. (A and B) PC12 cells were injected with plasmids encoding ATF-2%T, ATF-24, or
ATF-25P alone or in the presence of c-Jun®* or MUT22-23, as indicated. Nuclear B-galactosidase was coexpressed to mark the injected cells. (C
and D) PC12 cells were transfected with 0.5 pg of the expression vectors for c-Jun®*P or ATF-25P per 3-cm dish in the presence of increasing
amounts of ATF-2EP or c-Jun®*P vectors (0, 0.1, 0.5, and 2.5 p.g), respectively. Nuclear B-galactosidase was coexpressed. The cells were fixed after
48 h, stained with anti-B-galactosidase and TRITC-phalloidin, and examined by confocal microscopy. Quantification of cell survival and neurite
outgrowth was performed as for Fig. 1. For panel C, cells undergoing apoptosis were identified and quantitated by measuring nuclear fragmen-
tation with Hoechst staining. The data are the mean vs *+ standard errors of two separate experiments. Statistically significant differences relative
to values for ATF-2EP-expressing cells are indicated with an asterisk (P < 0.05).

Neuronal differentiation and apoptosis are phenomena of neurodegenerative diseases. The finding that c-Jun can be an

major medical significance, and it is of central interest to con- effector of several apparently opposing functions (death, sur-
trol the underlying regulatory events by pharmacological inter- vival, and differentiation) may sound disheartening at first, as it
vention, for example, after brain injury or stroke or during suggests that interference with c-Jun function may be have

anti-B-galactosidase and TRITC-phalloidin, and examined by confocal microscopy. MUT14 (K268 C269D) and MUT22-23 (L294P L308A) are
defective in DNA binding and dimerization, respectively. MUT12 (K2541 A255D) binds DNA poorly as a homodimer but well as a heterodimer
with Fos. MUT17 (K2881 A289D) forms slightly more stable homodimers than wild-type c-Jun. All mutants have been described previously (2).
(B and C) Quantification of cell survival and neurite outgrowth was performed as for Fig. 1. The data are means = standard errors of two or three
separate experiments. Statistically significant differences from AMEKK-expressing cells are indicated as follows: *, P << 0.05; s, P < 0.01; s, P <
0.001. (D) Transcriptional activation of collagenase reporter by AMEKK and c-Jun mutants. PC12 cells were transfected with AP-1-responsive
collagenase luciferase (col-LUC) and a control reporter (Renilla luciferase vector driven by the human ubiquitin promoter) together with
expression vectors for AMEKK and c-Jun mutants, as indicated. The cells were harvested after 36 h for a dual luciferase assay. The firefly luciferase
activity was normalized against the Renilla luciferase readings from the cotransfected internal control reporter. The data are representative of three
independent experiments done in duplicate (means *+ standard errors). (E) Morphology of cells expressing c-Jun and c-Fos. PC12 cells were
injected with expression vectors for c-Jun, c-Fos, or both, as indicated. A plasmid coding for nuclear B-galactosidase was coexpressed to mark the
injected cells. After 40 h, the cells were fixed and stained with anti-B-galactosidase and TRITC-phalloidin and examined by confocal microscopy.
(F) Quantification of neurite outgrowth was performed as for Fig. 1. The data are the means * standard errors of two or three separate
experiments.
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FIG. 6. Multiple functions of c-Jun in the control of apoptosis and
neuronal differentiation. c-Jun prevents undifferentiated PC12 cells
from undergoing MEKKI1- and ATF-2-mediated apoptosis and pro-
motes their neuronal differentiation. The first function does not re-
quire dimerization, DNA binding, or MAPK phosphorylation, whereas
the latter appears to be a conventional AP-1 effect stimulated by ERK.
Once differentiated, PC12 cells react to AP-1 activation through the
JNK pathway by initiating apoptosis.

effects too pleiotropic to be therapeutically useful. However, if
the survival function of c-Jun is mediated by a mechanism
distinct from the apoptotic effect, selective interference with
one or the other phenomenon may be possible and beneficial.
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