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INTRODUCTION

Loss of post-mitotic neurons from the adult brain underlies the pathology of
neurodegenerative diseases and neurotoxin exposure. Neuronal cell death occurs by two
mechanisms: necrosis and apoptosis. Apoptosis is a process whereby developmental cues and
environmental stimuli activate a genetic program to implement a series of steps that culminate in
cell death. An important aspect of apoptosis is that it can be halted and such interventions may
rescue dying neurons. The overall goal of this project is to identify key protein kinases involved
in regulating neuronal survival and apoptosis. The aims for the this year of funding as described
in the Statement of Work were to: 1) Continue studies on protein kinase cascades that regulate
neuronal survival, 2) Modulate the protein kinase cascades regulated by neurotrophic factors and
determine the consequence on neuronal survival and death, and 3) Begin studies examining the
cross-talk in pro-apoptotic and anti-apoptotic protein kinase signaling cascades. The progress
made in these areas, described below, has resulted in 4 published manuscripts (plus 1 article
under revision) and 8 abstracts presented at national and international scientific meetings.

Task #1. The first task is to identify protein kinase cascades that regulate neuronal
survival.

As described in our progress report last year, we have identified a number of protein
kinase cascades that either inhibit or initiate neuronal apoptosis. This year we have extended
those previous studies by identifying a transcription factor downstream of a calcium-regulated
protein kinase/phosphatase pathway that controls neuronal survival. The results of these studies
have been published in the Journal of Neuroscience this year and are described in the attached
Appendix #1.

We have also examined the role of upstream Rho/Rac GTPases in neuronal survival. We
have shown that inhibition of Rac/Cdc42 function induces apoptosis of cerebellar granule
neurons via a c-jun signaling pathway. These results were published in the Journal of Biological
Chemistry and are described in Appendix #2.

Task #2 The second task is to determine whether activation or inhibition of the
neurotrophin- regulated kinases is necessary or sufficient to influence neuronal survival.

Over the last year we finished up work demonstrating that inhibitors of p38 MAP kinase,
a protein kinase activated when neurons die by apoptosis, increase the survival of transplanted

dopamine neurons. Fetal cell transplantation therapies are being developed for the treatment of a
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number of neurodegenerative disorders including Parkinson’s disease. Massive apoptotic cell death
is a major limiting factor for the success of neurotransplantation. We showed that inhibitors of
stress-activated protein kinases improve the outcome of cell transplantation by preventing apoptosis
of neurons after grafting. These inhibitors offer advantages over other approaches to block neuronal
apoptosis because they are small organic molecules that are orally activeand cross the blood-brain
barrier. These results were published in Brain Research this year (Appendix#3).

In collaboration with Dr. Curt Freed, we completed studies on the effects of growth
factors on survival of human dopamine neurons transplanted into Parkinsonian rats. We showed
that in vitro preincubation of human fetal tissue strands with IGF-I and bFGF improves
dopamine cell survival and the behavioral outcome of transplants. These results were published
in Experimental Neurology and are described in more detail in Appendix #4.

Task #3 The third task is to determine whether there is cross-talk between pro-apoptotic
and anti-apoptotic signaling pathways.

We have recently discovered that convergence of glycogen synthase kinase-3f3 and c-jun
pro-apoptotic signals appear to be required upstream of myocyte enhancer factor 2D degradation
during neuronal apoptosis. Cerebellar granule neurons undergo apoptosis when deprived of
serum and depolarizing K*. The pro-survival transcription factor, myocyte enhancer factor 2D
(MEF2D), is rapidly hyperphosphorylated and cleaved by caspases in apoptotic cerebellar
granule neurons. MEF2D degradation occurs prior to activation of the executioner caspase-3,
and therefore, may play a critical role in the commitment of cerebellar granule neurons to
apoptosis. We also know that the pro-apoptotic proteins, GSK-3  and c-Jun turn on apoptosis in
granule neurons, however, the precise targets of their action are currently unknown. Over the
last year, we investigated whether either GSK-38 or c-Jun facilitate MEF2D processing during
apoptosis. We utilized the neurotrophin, insulin-like growth factor-I (IGF-I), to selectively
inhibit GSK-3p activation, and the p38/JNK inhibitor, SB203580, to selectively block c-Jun
induction. Neither IGF-I nor SB203580 had any significant effect on MEF2D
hyperphosphorylation, the decreased DNA binding of MEF2 proteins, or the initial loss of
MEF2-dependent transcriptional activity observed in trophic factor-deprived CGNs. However,
incubation with either IGF-I or SB203580 significantly blocked degradation of MEF2D and the
corresponding formation of a NH,-terminal truncated MEF?2 fragment that has previously been

shown to act as a dominant-negative transcription factor. Moreover, inclusion of either IGF-I or
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SB203580 during acute trophic factor withdrawal significantly enhanced recovery of MEF2-
dependent transcriptional activity in cerebellar granule neurons following the re-addition of
depolarizing K*. The results demonstrate that GSK-3p and c-Jun are both required upstream of
MEF2D degradation, suggesting that these pro-apoptotic molecules act in a coordinated manner
very early in the apoptotic cascade. This work will be presented at the Society for Neuroscience
meetings in November 2001 (Appendix #5).

Another area that we’ve made progress in is understanding how neurotrophin signaling
pathways impact on the intrinsic death machinery in neurons. Over the last year, we identified
the intrinsic (mitochondrial) death pathway as a principal target of IGF-I action. In cerebellar |
granule neurons undergoing apoptosis, IGF-I blocked activation of both the executioner caspase-
3 and the mitochondrial-dependent initiator caspase-9. Upstream of caspase-9, IGF-I inhibited
redistribution of cytochrome C from mitochondria to focal complexes localized in neuronal
processes. IGF-I had no effect on mitochondrial swelling or mitochondrial membrane
depolarization, but significantly attenuated induction of the pro-apoptotic Bcl-2 family member
Bim. Although the transcription factor c-Jun has previously been shown to regulate Bim, IGF-I
failed to block c-Jun phosphorylation in trophic factor-deprived granule neurons. In contrast,
IGF-I significantly inhibited dephosphorylation and nuclear localization of the forkhead
transcription factor (FKHR), suggesting a role for FKHR in the regulation of Bim expression.
Moreover, Bim induction, cytochrome C release and caspase activation were blocked by
cycloheximide, indicating that de novo synthesis of Bim is required for apoptosis. Thus, IGF-I
rescues cerebellar granule neurons from apoptosis by blocking intrinsic death signaling at the
level of FKHR regulation of Bim. A manuscript describing thes results in under preparation.
KEY RESEARCH ACCOMPLISHMENTS
Our key research accomplishments over the last year lie in several areas. One is defining
transcription factors downstream of identified protein kinases that regulate neuronal survival and
death. We have also opened up a relatively new area of investigation examining the role of
Rho/Rac GTPases (upstream of protein kinases)in regulating neuronal cell death. The third area
is understanding how various pathways known to regulate neuronal apoptosis operate together to

direct the fate of neurons.
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CONCLUSIONS

The scope of research over the last year has been to extend our studies outlined in Task#1 and
Task#2 of our research proposal. Towards this goal, we have identified a number protein kinase
cascades and some of the downstream effectors that regulate neuronal survival. The discovery
that the MEF2 transcription fators regulate neuronal survival is important for identifying genes
that promote neuronal survival. Experiments are planned to continue studying the regulation of
MEF2s in neurons and identify the genes that are transcriptionally modified by this family of
transcription factors. We have been able to translate some of findings from our ir vitro studies to
more clinically relevant research. We have shown that treatment of dopamine neurons with
either growth factors or inhibitors of p38 MAP kinase increases the survival of transplanted

dopamine neurons. Although other laboratories have shown that inhibitors of apoptosis ( i.e.
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peptide caspase inhibitors) improve transplantation, the practicality of using peptide inhibitors
clinically is hampered by their poor entry into brain. The advantages that the p38 MAP kinase
inhibitors (pyridinyl compounds) have over growth factors and caspase inhibitors for preventing
apoptosis include their small size, organic nature, and ability to cross the blood-brain barrier.
Finally, we have begun studies examining how different pro-apoptotic and anti-apoptotic
pathways interact with each other (Task#3). These studies are important for the identification of

good cellular targets for therapeutic intervention.

REFERENCES none
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Myocyte Enhancer Factor 2A and 2D Undergo Phosphorylation and
Caspase-Mediated Degradation during Apoptosis of Rat Cerebellar

Granule Neurons

Mingtao Li," Daniel A. Linseman,' Melissa P. Allen,2 Mary Kay Meintzer,’ Xiaomin Wang," Tracey Laessig,'

Margaret E. Wierman,2 and Kim A. Heidenreich’

Departments of 1Pharmacology and 2Medicine, University of Colorado Health Sciences Center and the Denver Veterans

Affairs Medical Center, Denver, Colorado 80262

Myocyte enhancer factor 2 (MEF2) proteins are important reg-
ulators of gene expression during the development of skeletal,
cardiac, and smooth muscle. MEF2 proteins are also present in
brain and recently have been implicated in neuronal survival
and differentiation. In this study we examined the cellular mech-
anisms regulating the activity of MEF2s during apoptosis of
cultured cerebellar granule neurons, an established in vitro
model for studying depolarization-dependent neuronal survival.
All four MEF2 isoforms (A, B, C, and D) were detected by
immunoblot analysis in cerebellar granule neurons. Endoge-
nous MEF2A and MEF2D, but not MEF2B or MEF2C, were
phosphorylated with the induction of apoptosis. The putative
sites that were phosphorylated during apoptosis are function-
ally distinct from those previously reported to enhance MEF2
transcription. The increased phosphorylation of MEF2A and
MEF2D was followed by decreased DNA binding, reduced
transcriptional activity, and caspase-dependent cleavage to

fragments containing N-terminal DNA binding domains and
C-terminal transactivation domains. Expression of the highly
homologous N terminus of MEF2A (1-131 amino acids) antag-
onized the transcriptional activity and prosurvival effects of a
constitutively active mutant of MEF2D (MEF2D-VP16). We con-
clude that MEF2A and MEF2D are prosurvival factors with high
transcriptional activity in postmitotic cerebellar granule neu-
rons. When these neurons are induced to undergo apoptosis by
lowering extracellular potassium, MEF2A and MEF2D are phos-
phorylated, followed by decreased DNA binding and cleavage
by a caspase-sensitive pathway to N-terminal fragments lack-
ing the transactivation domains. The degradation of MEF2D
and MEF2A and the generation of MEF2 fragments that have
the potential to act as dominant-inactive transcription factors
lead to apoptotic cell death.

Key words: MEF2; neurons;
caspase; cerebellum

apoptosis; transcription;

Myocyte enhancer factor 2 (MEF2) transcription factors are
members of the MADS (MCM1-agamous-deficiens-serum re-
sponse factor) family of transcription factors (Yu et al., 1992;
Naya and Olson, 1999). A hallmark of MADS-box proteins is
their combinational association with other MADS domain fac-
tors, as well as other heterologous classes of transcriptional reg-
ulators (Shore and Sharrocks, 1995). Mammalian MEF2 proteins
are encoded by four genes (MEF2A, MEF2B, MEF2C, and
MEF2D), each of which gives rise to alternatively spliced tran-
scripts (Yu et al., 1992; Leifer et al., 1993; Martin et al., 1994).
The MEF2 family of genes is highly expressed in cells of muscle
lineage, where they have been shown to be important regulators
of gene expression during the development of skeletal, cardiac,
and smooth muscle (McDermott et al., 1993; Martin et al., 1994;
Molkentin et al., 1996). In these tissues the MEF2 proteins
interact with myogenic basic helix-loop-helix transcription fac-
tors such as MyoD to activate myogenesis (Molkentin and Olson,
1996; Ornatsky et al., 1997).
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All MEF2 family members also are highly expressed in neurons
of the CNS (Leifer et al., 1993, 1994; McDermott et al., 1993;
Ikeshima et al., 1995; Lyons et al., 1995; Mao et al., 1999). Recent
in vitro findings support the hypothesis that MEF2 transcription
factors regulate neuronal survival and development. In cultures of
cerebral cortical neurons in which proliferating precursor cells
and postmitotic differentiating neurons can be distinguished,
MEF2C is expressed selectively in newly generated postmitotic
neurons and is not detectable in BrdU-positive precursor cells
(Mao et al., 1999). Transfection of postmitotic cortical neurons
with different MEF2C mutants demonstrated that MEF2C is
required for the survival of these neurons. In postnatal day 19
(P19) neuronal precursor cells, the expression of MEF2 induces
a mixed neuronal/myogenic phenotype (Okamoto et al., 2000).
During retinoic acid-induced neurogenesis of these cells, a
dominant-negative form of MEF2C enhances apoptosis but does
not affect cell division. On the other hand, P19 cells induced to
undergo apoptosis can be rescued from cell death by the expres-
sion of constitutively active MEF2C. In addition, overexpression
of MEF2C in P19 cells results in induction of neurofilament
protein, the nuclear antigen NeuN, and MASH-1, a neural-
specific transcription factor known to interact with MEF2s (Sker-
janc and Wilton, 2000). These data suggest that MEF2 proteins
regulate neuronal development by promoting survival and induc-
ing differentiation.

In the present study we examined the mechanisms regulating
the activity of MEF2 proteins during apoptosis of cultured rat
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cerebellar granule neurons, a well established model of
depolarization-dependent neuronal survival. We provide evi-
dence that MEF2A and MEF2D are prosurvival factors with high
DNA binding and transcriptional activity in postmitotic cerebel-
lar granule neurons. When these neurons arc induced to undergo
apoptosis by lowering extracellular potassium, MEF2A and
MEF2D are phosphorylated. The phosphorylation of MEF2D
and MEF2A is followed by decrcased DNA binding and cleavage
by a caspase-sensitive pathway to N-terminal MEF2 fragments
that lack the transactivation domain. The decreased DNA bind-
ing of MEF2s and the formation of MEF2 fragments that can act
as dominant-inactive transcription factors are sufficicnt to block
the prosurvival effects of MEF2s and induce apoptosis in mature
cerebellar granule neurons.

MATERIALS AND METHODS

Materials. The MEF2A antibody is an affinity-purified rabbit polyclonal
antibody that was raised to a peptide corresponding to codons 487-507 of
human MEF2A purchased from Santa Cruz Biotechnology (Santa Cruz.
CA). According to the manufacturer, this antibody may cross-react to a
small extent with MEF2C. The affinity-purified rabbit polyclonal
MEF2C antibody, a gift from John Schwarz (University of Texas Medical
School, Houston, TX), was raiscd against an isoform-specific peptide
representing codons 300-316 of human MEF2C and is specific for
MEF2C (Firulli et al., 1996). The rabbit polyclonal antibody to MEF2B
was raised against a polyhistidine fusion protcin corresponding to codons
234-365 of human MEF2B and was kindly provided by Dr. Ron Prywes
(Columbia University, NY). Antibody to MEF2D is a monoclonal anti-
body raised against a peptide corresponding to codons 346-511 of mouse
MEF2D purchased from Transduction Laboratories (Lexington, KY).
The dominant-inactive MEF2 mutant pcDNA3-M EF2A131 was kindly
provided by Dr. Prywes. The dominant-active MEF2 mutant pCM V-
MEF2D-V P16 was a gift from Dr. John C. McDermott (York University,
Toronto, Ontario, Canada). The pGL2-MEF2-Luc reporter plasmid
(Lemercier et al., 2000) was provided by Dr. Saadi Khochbin (INSERM,
France). The caspase-3 antibody was purchased from Santa Cruz Bio-
technology, and the polyclonal anti-B-galactosidasc (B-gal) antibody was
purchased from 5 Prime—3 Prime (Boulder, CO). Cy3-conjugated goat
antibody to rabbit IgG was purchased from Chemicon (Temecula, CA).
The caspase inhibitors YVAD-CHO, DEVD-FMK, and ZVAD-FMK
were obtained from Calbiochem (La Jolla, CA). [a-**P]JCTP (3000
Ci/mmol) was purchased from Amersham Pharmacia Biotechnology
(Piscataway, NJ).

Neuronal cell culture. Rat cerebellar granule ncurons were prepared
from 7- to 8-d-old Spraguc Dawley rat pups (15-19 gm) as described
previously (Li et al., 2000). Bricfly, ncurons were secded at a density of
2.0 X 10° celis/ml in basal modificd Eagle’s (BME) medium containing
10% fetal bovine serum, 25 mM KCI, 2 mum glutamine, and penicillin (100
U/ml)/streptomycin (100 pg/ml). Cytosine arabinoside (10 pm) was
added to the culturec medium 24 hr after plating to limit the growth of
non-neuronal celis. With the use of this protocol, 95-99% of the cultured
cells were granule neurons. Transfections were performed at day 5-6 in
culture, and experiments were performed after 7 d in culture. Apoptosis
was induced by removing the scrum and reducing the extracellular
potassium concentration from 25 to 5 mm. Control cultures were treated
identically but were maintained in serum-free medium supplemented
with 25 mm KCL.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (Li et al., 2000). Briefly, neurons were lysed by adding
SDS sample buffer [62.5 mm Tris-HCI, pH 6.8, 2% (w/v) SDS, 10%
glycerol, 50 mm DTT, and 0.1% (w/v) bromphenol blue]. The samples
were resolved by SDS-PAGE with the use of either 7.5 or 12% acrylamide
gels, as indicated in the legends. Proteins were transferred to Hybond-P
membranes (polyvinylidenc difluoride). The membranes were incubated
with anti-MEF2A  (1:5000), anti-MEF2D (1:1000), anti-MEF2C
(1:1000), and anti-MEF2B (1:500). After incubation with the primary
antibodies the filters were washed and then incubated with the respective
horseradish pcroxidase (HRP)-conjugated anti-rabbit or anti-mousc an-
tibody (Amersham Pharmacia Biotech). Then the blots were washed and
subsequently were developed with an enhanced chemiluminescence sys-
tem (Amersham Pharmacia Biotech) and exposed to Kodak autoradio-
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graphic film. Quantitation was performed with the Bio-Rad Quantity
One software (Hercules, CA).

Preparation of nuclear extracts from cerebellar granule neurons. After 7d
in culture the cerebellar granule neurons were rinsed two times in
scrum-frec BME containing 25 mm KCl and then maintained in 25 or §
mM KCl medium in the absence or presence of caspase inhibitors.
Neurons that did not reccive inhibitors reccived the control vehicle
dimethy! sulfoxide (DMSO). After the indicated times the ncurons (100
mm dishes) were washed with ice-cold PBS and detached from culture
dishes by a ccll scraper in 0.5 ml of buffer A {0.25 M sucrose and (in mm)
15 Tris. pH 7.9, 60 KCI, 2 EDTA, pH 8.0, 0.5 EGTA, 15 NaCl, 1.0
Na;VO,. 50 NaF, 0.5 spermidinc, 1 DTT, | benzamidine, and 0.5 PMSF
plus 20 pg/ml leupeptin, 0.76 ug/ml pepstatin, and 2 uM aprotinin]. The
cells were centrifuged at 250 X g for 5 min. The pellets were washed
twice in buffer A and then homogenized with 15 strokes of a tight-fitting
Dounce homogenizer to release the nuclei. Then the homogenate was
centrifuged at 14,000 X g for 15 sec to pellet the nuclei. The supernatants
were removed, and the pellets were resuspended in buffer C [(in mm) 20
HEPES, pH 7.9, 500 KCI, 1.5 MgCl,, 1 EDTA, pH 8.0, 1.0 Na;VO, 50
NaF, 1.0 DTT, 1 benzamidine, and 0.5 PMSF plus 20 pg/ml leupeptin,
0.76 ug/ml pepstatin, 25% glycerol, and 10 puMm aprotinin]. Nuclear
proteins were cxtracted at 4°C for 45 min, and insoluble nuclei were
precipitated by centrifugation at 14000 X g for 15 min. Supernatants were
dialyzed against a buffer containing 109% glycerol and (in mm) 10 Tris,
pH 7.9, 5 MgCl,, 50 KCI, | EDTA, pH 8.0, 1.0 Na;VO,, 50 NaF, | DTT,
I PMSF, and 1 benzamidinc for 3 hr at 4°C. The extracts were quantified
for protein content by the BCA method (Picrce, Rockford, IL) and
frozen in small aliquots at —~70°C.

Electrophoretic mobility shift assays. Nuclear extracts from cerebellar
granulc necurons (10 pg) were incubated with double-stranded oligonu-
cleotides corresponding to the muscle creatine kinase MEF2 site 57-
CGGATCGCTCTAAAAATAACCCTGTCG-3' (Amacher ct al., 1993)
or to a mutant oligonucleotide containing C—G and A— C substitutions
at the two italicized residues. The oligomers were end-labeled with the
Klenow fragment of DNA polymerase I (Life Technologics, Gaithers-
burg. MD) and [a-**P]CTP to a specific activity of 10,000-30,000 cpm/
ng. Binding rcactions were performed for 20 min at 4°C in 1 mMm
dithiothreitol, 2.5 mm MgCl,, 10% glyccrol, 0.1 mg/ml bovine serum
albumin, 30 ng/ul of poly(dI-dC), 20 mm HEPES, pH 7.9, and 50—
100,000 cpm of oligomer in a total volume of 20 ul. For the supershift
analysis. 1 ul of specific antiscra or preimmunc scrum was added to the
nuclear extracts for 20 min at 4°C, followed by another 20 min in the
presence of labeled oligomers. The protcin-DNA complexes were ana-
lyzed on 5% nondenaturing polyacrylamide gels containing 3% glyccro!
and 0.25X TBE (90 M Tris boratc, 1 mm EDTA) in the cold room. After
electrophoresis the gels were dricd and exposed to film at —~70°C.

Transfection assays and reporter gene expression. Cercbellar granule
neurons were transfected by a calcium phosphate coprecipitation method
described previously (Li et al., 2000). Neurons were transfected with 1 pg
of MEF2-luciferase expression plasmids (pGL2-M EF2-luc) and/or 1-3
ug of MEF2D expression plasmids (pCMV-MEF2D-V P16, pcDNA3-
MEF2A131) and 1 pg of pCMV-B-gal as an internal contro! for trans-
fection efficiency. The total amount of DNA for cach transfection was
kept constant (7 ug/ml) by using the empty vector pcDNA3. Ncurons
were kept in conditioned medium after transfection for 2 hr; then the
medium was replaced with BME containing 25 or 5 mm KC1. After 4 hr
the cell extracts were prepared with reporter lysis buffer (Promega,
Madison, WI), and the activitics of luciferase and B-galactosidasc were
mcasured with the Luciferase Assay System (Promega) and the
B-galactosidase Enzyme Assay System (Promega), respectively.

Quantitation of apoptosis in transfected neurons. Neurons were trans-
fected as described previously (Li et al, 2000). Plasmids (pCMV-
MEF2D-VP16, pCMV-MEF2D-VPI6 plus pcDNA3-MEF2A131, and
pCMV-LacZ) were added to the transfection media at a final concen-
tration of 4-5 pg/ml. The total amount of DNA for cach transfection was
kept constant by using the empty vector pcDNA3. After transfection the
neurons were switched to a medium containing 25 or 5 mm KCI. Then 16
hr later the cells were immunostained with a polyclonal antibody to
B-galactosidase (1:500 dilution), followed by a Cy3-conjugated goat an-
tibody to rabbit 1gG (1:500) to identify cells expressing B-galactosidasc.
To visualize the nuclei of transfected ncurons, we included the DNA dyc
Hocchst 33258 (5.0 pg/ml) in the wash after the sccondary antibody
incubation. Apoptosis was quantified by scoring the pereentage of cells in
the B-galactosidasc-expressing cell population with condensed or frag-
mented nuclei. So that we could obtain unbiased counting, cells (~500)
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were scored blindly without knowledge of their previous treatment.
Experiments were performed in triplicate.

RESULTS

MEF2 protein expression and phosphorylation state in
control and apoptotic cerebellar granule neurons
Primary cerebellar granule neurons represent a widely used in
vitro model system that mimics the trophic action of neuronal
activity that is seen in the developing nervous system (D’Mello et
al., 1993; Miller et al., 1997). Thus, elevated levels of extracellular
potassium promote neuronal survival by opening L-type voltage-
sensitive calcium channels, leading to an influx of calcium into
neurons. Lowering of extracellular potassium decreases calcium
influx and promotes neuronal cell death by an apoptotic
mechanism.

Western analysis indicated that all four members of the MEF2
superfamily of transcription factors were present in cerebellar
granule cells (Fig. 14). When neurons were induced to undergo
apoptosis by lowering extracellular potassium, there were selec-
tive shifts in the mobility of MEF2A (Fig. 14, top) and MEF2D
(Fig. 14, bottom) on SDS gels. The mobility shifts were detected
in neuronal cell lysates as early as 30 min and sustained to § hr.
The shifts in mobility of MEF2A and MEF2D were enhanced
when the samples were electrophoresed for longer times through
higher resolution gels (Fig. 1B). Treatment of neuronal protein
extracts with calf intestinal alkaline phosphatase before electro-
phoresis reversed the mobility shift of MEF2A and MEF2D seen
in the low potassium conditions, confirming that the shifts in
mobility of MEF2A and MEF2D were attributable to enhanced
serine/threonine phosphorylation (Fig. 1C). The phosphorylation
sites responsible for the increase in phosphorylation seen on
lowering intracellular calcium are functionally different from
those previously reported to enhance transcription. Both a p38
inhibitor (10 pum SB203580) and a MEK inhibitor (10 um
PD98059) failed to block the increase in phosphorylation seen
with the induction of apoptosis (data not shown). The relative
intensities of the slower-migrating MEF2A and MEF2D proteins
decreased after 4 and 8 hr in low potassium medium (Fig. 14,
lanes 6, 8), whereas the faster-migrating MEF2 proteins observed
under depolarizing conditions remained constant, suggesting a
link between MEF2 phosphorylation and degradation.

MEF2D transcriptional activity is regulated by
extracellular potassium

The transcriptional activity of MEF2 proteins in cerebellar gran-
ule neurons was measured with a luciferase reporter plasmid that
contains two MEF2 consensus sites, followed by the luciferase
reporter gene (Lemercier et al., 2000). Cerebellar granule neu-
rons grown in the presence of depolarizing potassium (25 mm)
demonstrated high endogenous M EF2-driven luciferase activity
(Fig. 2A4). After the potassium was lowered to 5 mm for 4-8 hr,
the transcriptional activity of the MEF2 reporter was decreased
by ~90% (p < 0.05) (Figure 2A4). Incubation in 5 mMm potassium
for 4 hr, followed by the readdition of 25 mm potassium for an
additional 4 hr, restored ~50% of the MEF2 transcriptional
activity (Fig. 2A4). Similarly, the readdition of 25 mm potassium
also reversed the mobility shift in MEF2D (Fig. 2B), suggesting
that phosphorylation of MEF2D during apoptosis is associated
with the observed decrease in M EF2 transcriptional activity. The
fact that only a partial recovery of MEF2-driven luciferase activ-
ity was observed in the above experiment could be accounted for
by the significant degradation of MEF2D that had occurred after
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Figure 1. MEF2D and MEF2A, but not MEF2B and MEF2C, are
phosphorylated and degraded during the apoptosis of cerebellar granule
neurons. A, Cerebellar granule neurons (day 7) were placed in serum-free
medium containing 25 or 5 mm KCl1 for the indicated times. Neuronal cell
lysates were resolved on 7.5% SDS-acrylamide gels and subjected to
Western analysis with the use of specific antibodies to MEF2A, MEF2B,
MEF2C, and MEF2D. Data are representative of three separate exper-
iments. B, Cell extracts were prepared as described above and analyzed
on higher resolution gels. C, Cell extracts were incubated in the absence
or presence of calf intestinal alkaline phosphatase (CIAP; 10 U/ml)
before gel electrophoresis.
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Figure 2. Ncurons switched to 5 mM KCI show enhanced MEF2D
phosphorylation and decrcased MEF2 transcriptional activity; the read-
dition of 25 mm KCI promotes the dephosphorylation of MEF2D and the
partial recovery of MEF2 transcriptional activity. A4, Cercbellar granule
neurons (day 6) were transfected with a MEF2-responsive luciferase
reporter and pCMV-B-gal. After transfection (2 hr) the ncurons were
placed in serum-free medium containing either 25 or S mm KClI for 8 hr.
In addition, some cells were incubated for 4 hr in 5 mm KCl, followed by
the readdition of 25 mm KCl for an additional 4 hr. Then luciferase and
B-galactosidase activitics were determined as described in Materials and
Methods. B, Cerebellar granule neurons were incubated as described in
A, and the phosphorylation status and relative quantity of MEF2D were
determined by immunoblot (IB) analysis. C, Cerebellar granule neurons
were transfected with a M EF2-responsive luciferase reporter and pCM V-
B-gal in the absence or presence of pPCMV-MEF2D-V P16. After 4 hr the
luciferase and B-galactosidase activitics were determined. Data are ex-
pressed as a percentage of control ncurons grown in 25 mm KCI and arc
the mean = SEM (n = 3).
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Figure 3. MEF2 DNA binding activity is decrcased in apoptotic necu-
rons. Cercbellar granule ncurons (day 7) were placed in scrum-free
medium containing 25 or 5 mm KCI. After the indicated times, nuclear
extracts were prepared, and gel mobility shift assays were performed with
a double-stranded **P-labcled consensus (wr) or mutant (mut) MEF2
oligomer. NS, Nonspecific protein/DNA complex; HMC, high-mobility
complex; LMC, low-mobility complex.

4 hr in 5 mm potassium (Fig. 2B, lane 1 vs lane 3). Finally,
transfection of neurons with MEF2D-V P16, a constitutively ac-
tive mutant of MEF2D, attcnuated the decline of MEF2 lucif-
erase activity during potassium withdrawal (Fig. 2C). The de-
crease in MEF2 transcriptional activity was not attributable to a
nonselective effect of cell death, becausce the transcriptional ac-
tivity of AP-1 mecasurcd with an AP-1 luciferase reporter con-
struct was increasced by 309 under the same conditions by which
the MEF?2 transcriptional activity decrcased (data not shown).

DNA binding of MEF2A and MEF2D is regulated by
extracellular potassium

To determine whether the DNA binding activity of MEF2 pro-
teins was regulated during induction of the apoptosis of cercbel-
lar granule ncurons, we performed electrophoretic mobility shift
assays (EMSAs) by using wild-type and mutant MEF2 double-
stranded oligonucleotides. Nuclear extracts from ccrebellar gran-
ule neurons cultured in medium containing 25 mm KCI1 demon-
strated one specific high-mobility protcin—-DNA complex, HMC
(Fig. 3). Extracts from neurons cultured in 5 mM KCl revealed a
decrease in the HMC that was detected as carly as 2 hr after the
potassium was lowered. In addition to the decrcase in the HMC
associated with the apoptotic responsc, a ncw lower-mobility
MEF2-DNA binding complex, LMC, was dctected in cxtracts
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Figure 4 MEF2A and MEF2D are the major MEF2s in the high-
molecular-weight DNA binding complex. Cerebellar granule neurons
(day 7) were placed in serum-free medium containing 25 or 5 mm KCL
After 4 hr, nuclear extracts were prepared, and supershift gel mobility
shift assays were performed with a double-stranded **P-labeled consensus
MEF?2 oligomer in the absence or presence of MEF2 antibodies. Note
that the lower-molecular-weight complex did not shift with MEF2 anti-
bodies. SSB, Supershifted band; HMC, high-mobility complex; LMC,
low-mobility complex; NS, nonspecific protein/DNA complex.

isolated 4 and 6 hr after the media change. Neither the HMC nor
the LMC was detected by using a mutant MEF2 oligonucleotide.

EMSAs that used antibodies against MEF2A, B, C, and D
proteins were performed to determine which MEF2 proteins
were bound to DNA under control and apoptotic conditions (Fig.
4). In control neurons, antibodies against MEF2A and MEF2D
shifted the HMC to a slower migrating band (SSB), whereas
antibodies against MEF2B and MEF2C had little effect on the
MEF2-DNA complex. Similar results were obtained in apoptotic
neurons, although the amount of high-mobility complex was sig-
nificantly lower than that present in healthy neurons. Interest-
ingly, the LMC was not shifted by any of the MEF2 antibodies.
Because each of the antibodies was raised against the C terminus,
but not the N terminus DNA binding domain of MEF2 proteins
(Fig. 54), we questioned whether MEF2A and MEF2D were
degraded during apoptosis to yield MEF2 fragments that bound
DNA but did not interact with the antibodies.

Degradation of MEF2A and MEF2D during apoptosis of
cerebellar granule neurons

To test the hypothesis that MEF2 proteins were degraded during
apoptosis, we performed Western analysis and exposed the trans-
ferred proteins to film for longer periods of time than in previous
experiments. The results showed that, within 1 hr of inducing
apoptosis, MEF2D was phosphorylated, as shown previously, and
a smaller-molecular-weight MEF2D fragment appeared (Fig.
5B). The fragment, usually a broad band, had an apparent mo-
lecular weight of 40-45 kDa, ~15 kDa less than full-length
MEF2D.
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Figure 5. MEF2D is cleaved by a caspase-mediated pathway during
apoptosis. A, Domain structure of the MEF2 proteins, including the
MEF2A and MEF2D antibody recognition motifs and the putative
caspase cleavage region. B, Cerebellar granule neurons (day 7) were
placed in serum-free medium containing 25 or 5 mm KCI1. At the indicated
times, Western analysis was performed with 12% SDS-acrylamide gels
and specific MEF2D antibodies. C, Neurons were placed in serum-free
medium containing 25 or 5 mM KCI (4 hr) in the absence or presence of
various concentrations of the caspase-3-specific inhibitor DEVD or the
pan-caspase inhibitor Z-VAD. Brackets indicate a lower-molecular-weight
cleavage product recognized by the C-terminal MEF2D antibody.

Analysis of various MEF2 sequences (rat MEF2D and mouse
MEF2D1a and MEF2A) revealed several putative caspase cleav-
age sites (DXXD) between the DNA binding domain and the
antibody recognition domain (amino acids 100-346) (Fig. 54). To
determine whether the MEF2 fragment that was generated dur-
ing apoptosis resulted from caspase cleavage, we performed ex-
periments to assess whether caspase inhibitors blocked formation
of the MEF2D fragment. DEVD, a caspase-3-specific inhibitor,
and Z-VAD, a nonselective caspase inhibitor, blocked the forma-
tion of the MEF2D fragment in a dose-dependent manner (Fig.
5C). Z-VAD was much more effective and potent than DEVD in
preventing cleavage of MEF2D, suggesting that an upstream
caspase rather than the downstream caspase-3 might be involved
in cleaving MEF2D. Consistent with this idea was the finding that
the cleavage of MEF2D occurred much earlier than the activation
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Figure 6. Caspase-3 activation in rat cercbellar granule neurons. Cere-
bellar granule neurons (day 7) were placed in serum-frec medium con-
taining 25 or 5 mM potassium. At the indicated times, Western analysis
was performed with 15% SDS-acrylamide gels and an antibody that
detects pro-caspase-3 and an active caspase-3 cleavage product.

of caspase-3, which was maximal at 5-6 hr aftcr the induction of
apoptosis (Fig. 6).

Caspase inhibitor blocks formation of the low-mobility
protein-DNA complex

Blockade of MEF2D cleavage by caspase inhibitors supported the
hypothesis that during apoptosis MEF2D is cleaved to generate
a N-terminal DNA binding fragment, which is not recognized by
antibodies directed against the regulatory domain, and a
C-terminal fragment that is recognized by Western blotting. To
test this hypothesis directly, we treated neurons with and without
a caspase inhibitor beforc the EMSAs (Fig. 7). As shown previ-
ously in nuclear extracts from control neurons grown in 25 mm
KCI, the LMC was very low (Fig. 7, lane 1). After 4 hr of
apoptosis induced by lowering the extracellular potassium to 5
mwm, the LMC was abundant (Fig. 7, lane 2). The caspase inhibitor
Z-VAD, added at the time of the medium change, prevented the
formation of the lower-molecular-weight complex (Fig. 7, lane 3).
In addition, DVED and YVAD (a caspase-1-selective inhibitor)
were only partially effective at inhibiting the formation of the
low-molecular-weight complex (data not shown). Together, these
data suggest that MEF2D and MEF2A are cleaved by a caspase-
sensitive pathway to generate N-terminal fragments that bind to
DNA but are not recognized by antibodies directed to the C
terminus of each of thesc proteins.

The N-terminal MEF2 fragment can act as a dominant-
negative transcription factor

Cleavage of MEF2 between the DNA binding domain and the
antibody recognition domain would separate the DNA binding
domain from the transactivation domain. To test the possibility
that the N-terminal truncated fragment could act in a dominant-
negative manner to block both the DNA binding and transcrip-
tional activity of MEF2, we transfected neurons with MEF2D-
VP16 in the absence or presence of incrcasing amounts of
truncated MEF2A131. The expression plasmid MEF2D-VP16
encodes the DNA binding domain of mouse MEF2D (amino
acids 1-92) fused to the transcriptional activation domain of
VP16 (amino acids 412-490) under control of a CMV promoter.
Its use as a constitutively active transcription factor has been
reported previously (Han and Prywes, 1995). MEF2A131 en-
codes mouse M EF2A that is truncated at position 131, leaving the
DNA binding domain intact, and is highly homologous to the
corresponding region of MEF2D. After cotransfection of these
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Figure 7. Formation of the lower-molecular-weight protein/ DNA bind-
ing complex is prevented by caspase inhibition. Cercbellar granule ncu-
rons (day 7) were placed in serum-free medium containing 25 or 5 mm
KClin the absence or presence of 100 uM pan-caspasc inhibitor (Z-VA D).
After 4 hr, nuclear extracts were prepared, and gel mobility shift assays
were performed with a double-stranded **P-labeled conscnsus MEF2
oligomer. HMC, High-mobility complex; LMC, low-mobility complex; NS,
nonspecific protcin/DNA complex.

two expression plasmids, transcriptional activity was determined
with thec MEF2 luciferase reporter plasmid (Fig. 84). As ob-
served previously, ncurons incubated in 5 mM potassium had low
MEF2 transcriptional activity. However, the expression of a
constitutively active mutant of MEF2D (MEF2D-VP16) main-
taincd high MEF?2 transcriptional activity even in the presence of
5 mm potassium. When the VP16 mutant of MEF2D (1 pg) was
expressed in the presence of increasing concentrations of trun-
cated MEF2A131 (1-3 ug of DNA), the N-terminal MEF2 frag-
ment blocked MEF2 lucifcrase activity in a dose-dependent man-
ner (Fig. 84). These data indicate that a truncated MEF2 can
block the DNA binding and activity of MEF2 competitively. The
consequence of the expression of truncated MEF2 on neuronal
apoptosis is scen in Figure 8B. In these experiments, ncurons
were transfected with the control vector, MEF2D-VP16, or
MEF2D-VPI16 in the presence of increasing amounts of trun-



@

6550 J. Neurosci., September 1, 2001, 21(17):6544-6552

A.

100*.

g

o
?

Luciferase activity (%)

N
o

0
Vector
MEF2DVP16 -
MEF2A131 - -

-+

B.

604

50

40+

30-

Apoptosis (%)

20

104

Vector + + + + +
MEF2DVP16 -~ + + + +
MEF2A131 - -

Figure 8 The N terminus of MEF2 antagonizes MEF2 activity and
MEF2-mediated neuronal survival. 4, Cerebellar granule neurons (day 6)
were transfected with a MEF2-responsive luciferase reporter and pPCM V-
B-gal in the absence or presence of 1 ug of MEF2D-VP16 and
MEF2A131 (1-3 ug). After transfection (2 hr) the neurons were placed in
serum-free medium containing 5 mm KCI. After 4 hr, luciferase and
B-galactosidase activities were determined. Luciferase activity was nor-
malized with respect to that of B-galactosidase. Data are expressed as
percentage of control neurons grown in 25 mM potassium. Data are the
mean * SEM (rn = 3). B, Cerebellar granule neurons (day 5) were
cotransfected with pCMV-B-gal and the indicated expression vector at
the concentrations given in A. After transfection the neurons were placed
in serum-free medium containing 5 mm KCI for 16 hr and then fixed and
immunostained with a B-gal antibody. The neurons also were stained with
Hoechst 33258. Apoptosis was quantified by scoring the percentage of
transfected neurons with condensed or fragmented nuclei. Data are the
mean *+ SEM (n = 3). Vector, Empty pcDNA vector.

cated MEF2A131. In neurons maintained in 5 mm potassium for
16 hr the level of apoptosis was 56%. Transfection of the neurons
with MEF2D-VP16 reduced the amount of apoptosis to ~22%.
When the truncated MEF2A131 mutant (1-3 pg of DNA) was
introduced with MEF2D-VP16 into neurons, the ability of
MEF2D-VP16 to block apoptosis was attenuated in a dose-
dependent manner. These data indicate that the MEF2
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N-terminal fragment can act as a dominant-negative transcription
factor and antagonize the prosurvival function of MEF2D.

DISCUSSION

Examination of the temporal and spatial localization of MEF2
proteins in brain has revealed that MEF2 expression coincides
with the initiation of postmitotic neuronal maturation (Leifer et
al., 1993, 1994; McDermott et al., 1993; Ikeshima et al., 1995;
Lyons et al., 1995; Mao et al., 1999). For example, in the devel-
oping cerebral cortex, MEF2C immunoreactivity is present in the
cortical plate and is not found in the intermediate zone or
ventricular zone (Mao et al., 1999). At 14 weeks of gestation,
MEF2C immunoreactivity is present in cell nuclei throughout the
cortical plate. Subsequently, MEF2C immunoreactivity develops
a bilaminate and then a trilaminate distribution and ultimately is
expressed preferentially in layers II, IV, and VI of mature neo-
cortex (Leifer et al., 1994). These findings suggest a role for
MEF2C in postmitotic neuronal differentiation, in particular in
the development of certain cortical layers.

In the cerebellum, MEF2A and MEF2D mRNA levels dramat-
ically increase at ~P9, reach a peak at P15-P18, and stay high in
adults (Leifer et al., 1994; Ikeshima et al., 1995; Lin et al., 1996;
Mao and Wiedmann, 1999). This time course of MEF2 expres-
sion coincides with the expression of the GABA, receptor a6
subunit mRNA, a marker for the differentiation of mature cere-
bellar granule neurons. Immunohistochemical staining reveals
that MEF2 protein expression occurs primarily in the internal
granule cell layer of the cerebellum (Ikeshima et al, 1995).
During postnatal development, differentiated granule neurons
generated in the external germinal layer migrate to the internal
granule layer where they are innervated by mossy fiber axons.
There is considerable loss of granule neurons during this process
and it is thought that the survival of granule neurons is regulated
by depolarization-induced mechanisms during this time period.

Postmitotic granule neurons derived from neonatal rat can be
maintained readily in vitro in their fully differentiated state if they
are depolarized with a high extracellular concentration of potas-
sium (D’Mello et al., 1993; Miller et al., 1997). If the extracellular
potassium concentration is reduced, granule neurons undergo
programmed cell death with classic morphological and biochem-
ical features of apoptosis. These characteristics, along with the
abundance and high degree of homogeneity, make cultured gran-
ule neurons an excellent model to examine the role of MEF2
proteins in depolarization-dependent neuronal survival.

In this report we have defined a novel mechanism by which the
activity and levels of MEF2 proteins are regulated during apo-
ptosis of cerebellar granule neurons. We also have shown that
MEF?2 proteins are regulated in an isotype-specific manner. All
four MEF2 isoforms (A, B, C, and D) were detected by immu-
noblot analysis in rat cerebellar granule neurons. However, in
agreement with results from immunocytochemistry and in situ
hybridization (Ikeshima et al., 1995; Lyons et al., 1995), MEF2A
and MEF2D were the most prominent MEF2 proteins detected
in the cultured cerebellar granule neurons when equal amounts of
total protein were analyzed by Westerns (data not shown).
MEF2A and MEF2D appear to be responsible for most, if not all,
of the MEF2 DNA binding activity in viable cerebellar granule
neurons. When granule neurons are induced to undergo apopto-
sis by lowering potassium, endogenous MEF2A and MEF2D, but
not MEF2B and MEF2C, are phosphorylated. Phosphorylation is
accompanied by a decrease in MEF2 transcriptional activity, and
both effects are reversed by the readdition of depolarizing potas-
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Figure 9. The regulation of MEF2 proteins during apoptosis of rat
cerebellar granule neurons. When granule ncurons are induced to un-
dergo apoptosis by lowering extraccllular potassium to 5 mm, endogenous
MEF2D and MEF2A (data not shown) arc phosphorylated. Phosphory-
lation of MEF2D induced by decreasing calcium influx not only leads to
decreased DNA binding but also is associated with a caspasc-dependent
cleavage of MEF2D. The caspasc involved in cleaving MEF2D remains
to be identificd. The cleavage of MEF2D results in an N-terminal frag-
ment (~100 amino acids long) that retains its DNA binding capacity, is
not recognized by C-terminal antibodics, and lacks the transactivation
domain. The MEF2 N-terminal fragment is capable of blocking the
activity of MEF2D, thus acting as a dominant-ncgative transcription
factor. The declinc in MEF2 activity because of decreased DNA binding
and formation of a dominant-inactive MEF2 fragment leads to apoptosis.

sium. The most novel findings of the present study show that the
phosphorylation of MEF2D that is induced by decrcasing calcium
influx not only correlates with decreased DNA binding but also is
associated with a direct or indirect caspase-dependent cleavage of
MEF2D (Fig. 9). The cleavage of MEF2D results in a N-terminal
fragment (~100 amino acids long) that retains its DNA binding
capacity, is not recognized by C-terminal antibodies, and lacks
the transactivation domain. Thc MEF2 N-terminal fragment is
capable of blocking the activity of MEF2D, thus acting as a
dominant-negative transcription factor. The decline in MEF2
activity resulting from decreased DNA binding and formation of
a dominant-inactive MEF2 fragment appears to be sufficient to
mediate execution of the apoptotic process. Overexpression of a
constitutively active MEF2D that does not get clecaved prevents
the loss in MEF2 transcriptional activity during apoptosis and
protects against apoptosis that is induced by lowering membranc
depolarization and calcium influx.

The signaling pathways responsible for the changes in the
phosphorylation state of MEF2 could involve an increasc in the
activity of a calcium-sensitive kinase, a decrcase in the activity of
a calcium-sensitive phosphatase, or both. Mao and Wiedman
(1999) recently reported similar data that MEF2A is hyperphos-
phorylated when calcium influx is decreased or when the protein
phosphatase calcineurin is inhibited in cerebellar granule neu-
rons. Although other isoforms were not examined in the previous
study, the data suggest that enhanced phosphorylation of MEF2A
and MEF2D seen on lowering extracellular potassium is likcly to
be attributable to decreased activity of the calcium-depcndent
phosphatase calcineurin. Furthermore, because MEF2B and
MEF2C did not undergo hyperphosphorylation in rcsponse to
lowering extracellular potassium, the data indicate that MEF2A
and MEF2D are regulated post-translationally in an isotype-
specific manner in cerebellar granule neurons.

The putative phosphorylation sites described in this study are
functionally distinct from the previously described phosphoryla-
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tion sites that enhance MEF2 transcriptional activity. Some
MEF2 isoforms directly interact with p38 MAP kinasc and
ERKS/BMKI1 and arc phosphorylated by both protein kinases
(Kato et al., 1997; Yang et al., 1998; Ornatsky et al., 1999; Zhao
et al., 1999). Phosphorylation of MEF2 proteins by p38 MAP
kinase and ERKS stimulates transcriptional activity. The in-
creased transcriptional activity could involve changes in protein
conformation that enhancc interaction with the transcriptional
machinery. Altcrnatively, phosphorylation might be required for
the recruitment of an essential transcriptional cofactor or rclease
of a rcpressor. In support of the latter mechanism, histone
deacctylases (HDACs) have been shown to repress the transcrip-
tional activity of MEF2s (Miska et al., 1999; Lemercicr et al.,
2000; Lu et al., 2000a,b; Youn et al., 2000). Phosphorylation of
HDACS by the calcium-sensitive protein kinase CaM K results in
the dissociation of HDACs and the unmasking of transcriptional
activity.

Other studies in T-cclls have mapped a calcincurin-dependent
induction of thc nur77 promoter to a putative MEF2 DNA
binding site (Youn et al., 1999). Although the transcriptional
activity of MEF2 in activated T-cells requires calcium signals, its
DNA binding activity secms to be constitutive and insensitive to
changes in calcium. Again, the data arc in contrast to the results
of this study in which decreases in intraccllular calcium signaling
resulted in decrcased DNA binding and transcriptional activity.
The antibodies used in T-cclls examining nur77 promoter activity
did not distinguish between MEF2 isoforms. This raiscs the
possibility that the discrepancy may be attributable to differential
rcgulation of the various MEF2 isoforms and/or the presence of
cell type-specific accessory proteins.

In summary, the complexitics in MEF2-regulated genc expres-
sion have been advanced primarily from studics in muscle and
T-cells. In the present study we have dcelincated a novel phos-
phorylation signaling pathway associated with DNA binding,
transcriptional activity, and degradation of ncuronal MEF2 pro-
teins. The data in this study also support the hypothesis that
MEF2A and MEF2D regulate ncuronal survival in the cerebel-
lum, particularly in response to depolarization-induced signals
that are important during development.

REFERENCES

Amacher SL. Buskin JN, Hauschka SD (1993) Multiple regulatory cle-
ments contribute differentially to muscle creatine kinase enhancer
activity in skcletal and cardiac muscle. Mol Cell Biol 13:2753-2764.

D'Mello SR, Galli C, Ciotti T, Calissano P (1993) Induction of apoptosis
in cerebellar granule ncurons by low potassium: inhibition of dcath by
insulin-like growth factor I and cAMP. Proc Natl Acad Sci USA
23:10989-10993.

Firulli AB, Miano JM, Bi W, Johnson AD, Casscclls W, Olson EN,
Schwarz JJ (1996) Myocyte enhancer binding factor-2 expression and
activity in vascular smooth muscle cells. Association with the activated
phenotype. Circ Res 78:196-204.

Han TH, Prywes R (1995) Regulatory role of MEF2D in scrum induc-
tion of the c-jun promoter. Mol Cell Biol 15:2907-2915.

Ikeshima H, Imai S, Shimoda K, Hata J, Takano T (1995) Exprcssion of
a MADS-box gene, MEF2D, in ncurons of the mousc central nervous
system: implication of its binary function in myogcnic and ncurogenic
cell lincages. Neurosci Lett 200:117-120.

Kato Y, Kravchenko VV, Tapping RI, Han J, Ulevitch RJ, Lee JD
(1997) BMKI/ERKS regulates serum-induced early genc expression
through transcription factor MEF2C. EMBO J 16:7054-7066.

Leifer D, Krainc D, Yu YT, McDermott J, Breitbart RE, Heng J, Neve
RL, Kosofsky B, Nadal-Ginard B, Lipton SA (1993) MEF2C, a
MADS/MEF2-family transcription factor cxpressed in a laminar dis-
tribution in cerebral cortex. Proc Natl Acad Sci USA 90:1546-1550.

Leifer D, Golden J, Kowall NW (1994) Myocyte-specific enhancer bind-
ing factor 2C expression in human brain development. Neuroscicnce
63:1067-1079.

Lemercier C, Verdel A, Galloo B, Curtet S, Brocard MP, Khochbin S




‘e

6552 J. Neurosci., September 1, 2001, 27(17):6544-6552

(2000) mHDA1/HDACS histone deacetylase interacts with and re-
presses MEF2A transcriptional activity. J Biol Chem 275:15594-15599.

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

Lin X, Shah S, Bulleit RF (1996) The expression of MEF2 genes is
implicated in CNS neuronal differentiation. Brain Res Mol Brain Res
42:307-316.

Lu J, McKinsey TA, Nicol RL, Olson EN (2000a) Signal-dependent
activation of the MEF2 transcription factor by dissociation from his-
tone deacetylases. Proc Natl Acad Sci USA 97:4070-4075.

Lu J, McKinsey TA, Zhang CL, Olson EN (2000b) Regulation of skel-
etal myogenesis by association of the MEF2 transcription factor with
class II histone deacetylases. Mol Cell 6:233-244.

Lyons GE, Micales BK, Schwarz J, Martin JF, Olson EN (1995) Expres-
sion of mef2 genes in the mouse central nervous system suggests a role
in neuronal maturation. J Neurosci 15:5727-5738.

Mao Z, Wiedmann M (1999) Calcineurin enhances MEF2 DNA binding
activity in calcium-dependent survival of cerebellar granule neurons.
J Biol Chem 274:31102-31107.

Mao Z, Bonni A, Xia F, Nadal-Vicens M, Greenberg ME (1999) Neu-
ronal activity-dependent cell survival mediated by transcription factor
MEF?2. Science 286:785-790.

Martin JF, Miano JM, Hustad CM, Copeland NG, Jenkins NA, Olson
EN (1994) A MEF2 gene that generates a muscle-specific isoform via
alternative mRNA splicing. Mol Cell Biol 14:1647-1656.

McDermott JC, Cardoso MC, Yu YT, Andres V, Leifer D, Krainc D,
Lipton SA, Nadal-Ginard B (1993) hMEF2C gene encodes skeletal
muscle- and brain-specific transcription factors. Mol Cell Biol
13:2564-2577.

Miller TM, Tansey MG, Johnson Jr EM, Creedon DJ (1997) Inhibition
of phosphatidylinositol 3-kinase activity blocks depolarization and
insulin-like growth factor I-mediated survival of cerebellar granule
cells. J Biol Chem 272:9847-9853.

Miska EA, Karlsson C, Langley E, Nielsen SJ, Pines J, Kouzarides T
(1999) HDACH4 deacetylase associates with and represses the MEF2
transcription factor. EMBO J 18:5099-5107.

Molkentin JD, Olson EN (1996) Combinatorial control of muscle devel-
opment by basic helix-loop-helix and M ADS-box transcription factors.
Proc Natl Acad Sci USA 93:9366-9373.

Li et al. « MEF2s Are Phosphorylated and Degraded during Apoptosis

Molkentin JD, Firulli AB, Black BL, Martin JF, Hustad CM, Copeland
N, Jenkins N, Lyons G, Olson EN (1996) MEF2B is a potent transac-
tivator expressed in early myogenic lineages. Mol Cell Biol
16:3814-3824.

Naya FS, Olson E (1999) MEF2: a transcriptional target for signaling
pathways controlling skeletal muscle growth and differentiation. Curr
Opin Cell Biol 11:683-688.

Okamoto S, Krainc D, Sherman K, Lipton SA (2000) Antiapoptotic role
of the p38 mitogen-activated protein kinase~myocyte enhancer factor 2
transcription factor pathway during neuronal differentiation. Proc Natl
Acad Sci USA 97:7561-7566.

Ornatsky OI, Andreucci JJ, McDermott JC (1997) A dominant-negative
form of transcription factor MEF2 inhibits myogenesis. J Biol Chem
272:33271-33278.

Ornatsky OI, Cox DM, Tangirala P, Andreucci JJ, Quinn ZA, Wrana JL,
Prywes R, Yu YT, McDermott JC (1999) Post-translational control of
the MEF2A transcriptional regulatory protein. Nucleic Acids Res
27:2646-2654.

Shore P, Sharrocks AD (1995) The MADS-box family of transcription
factors. Eur J Bjochem 229:1-13.

Skerjanc IS, Wilton S (2000) Myocyte enhancer factor 2C upregulates
MASH-1 expression and induces neurogenesis in P19 cells. FEBS Lett
472:53-56.

Yang CC, Ornatsky OI, McDermott JC, Cruz TF, Prody CA (1998)
Interaction of myocyte enhancer factor 2 (MEF2) with a mitogen-
activated protein kinase, ERKS5/BMKI. Nucleic Acids Res
26:4771-4777.

Youn HD, Sun L, Prywes R, Liu JO (1999) Apoptosis of T-cells medi-
ated by Ca®*-induced release of the transcription factor MEF2. Sci-
ence 286:790-793.

Youn HD, Grozinger CM, Liu JO (2000) Calcium regulates transcrip-
tional repression of myocyte enhancer factor 2 by histone deacetylase 4.
J Biol Chem 275:22563-22567.

Yu YT, Breitbart RE, Smoot LB, Lee Y, Mahdavi V, Nadal-Ginard B
(1992) Human myocyte-specific enhancer factor 2 comprises a group
of tissue-restricted MADS-box transcription factors. Genes Dev
6:1783-1798.

Zhao M, New L, Kravchenko VV, Kato Y, Gram H, di Padova F, Olson
EN, Ulevitch RJ, Han J (1999) Regulation of the MEF2 family of
transcription factors by p38. Mol Cell Biol 19:21-30.




Appendix 2

f;balt3/bC-'bc/bc-bc/bc4201/bc4881 -01a

eichelbt S=4

11/9/01 18:20 | 4/Color Figure(s) 5

| ARTNO: M103958200

AQ:A

AQ:B

AQ: K

THE JOURNAL OF BIOLOGICAL CHEMISTRY

An Essential Role for Rac/Cdc42
Neuron Survival®

Vol. 276, No. 72, Tssue of 7777 ??, pp. 1-xxx, 2001
Printed in USA.

GTPases in Cerebellar Granule

Received for publication, May 2, 2001

Published, JBC Papers in Press, August 16, 2001, DOI 10.1074/5b¢. M103959200

Daniel A. Linseman$, Tracey Laessig#, Mary Kay Meintzerz, Mam;a McCluret, Holger Barthy,

Klaus Aktoriest, and Kim A. Heidenreich?

From the tDepartment of Pharmacology, University of Colorado Health Sciences Center and the Denver Veterans Affairs
Medical Center, Denver, Colorado 80230 and the Wnstitit fur Pharmakologic and Toxikologie, Universitit F, reiburg,

Freiburg REBBN, Germany

Rho family GTPases are critical molecular switches
that regulate the actin cytoskeleton and cell function. In
the current study, we investigated the involvement of Rho
GTPases in regulating neuronal survival using primary
cerebellar granule neurons. Clostridium difficile toxin
B, a specific inhibitor of Rho, Rac, and Cdc42, induced
apoptosis of granule neurons characterized by c-Jun
phosphorylation, caspase-3 activation, and nuclear con-
densation. Serum and depolarization-dependent survival
signals could not compensate for the loss of GTPase func-
tion. Unlike trophic factor withdrawal, toxin B did not
affect the antiapoptotic kinase Akt or its target glycogen
synthase kinase-38. The proapoptotic effects of toxin B

were mimicked by Clostridium sordellii lethal toxin, a .

selective inhibitor of Rac/Cdc42. Although Rac/Cdc42
GTPase inhibition led to F-actin disruption, direct cy-
toskeletal disassembly with Clostridium botulinum C2
toxin was insufficient to induce c-Jun phosphorylation or
apoptosis. Granule neurons expressed high basal JNK
and low p38 mitogen-activated protein kinase activities
that were unaffected by toxin B. However, pyridyl imid-
azole inhibitors of JNK/p38 attenuated c-Jun phosphoryl-
ation. Moreover, both pyridyl imidazoles and adenoviral
dominant-negative c-Jun attenuated apoptosis, suggest-
ing that JNK/c-Jun signaling was required for cell death.
The results indicate that Rac/Cdcd?2 GTPases, in addition
to trophic factors, are critical for survival of cerebellar
granule neurons.

Rho GTPases belong to the Ras superfamily of monomeric G
proteins. The three most studied Rho GTPases, RhoA, Racl,
and Cdc42Hs, are best known as regulators of actin cytoskel-
etal dynamics (1). However, Rho GTPases also modulate other
critical cell functions including cell cycle progression (2), gene
transcription (3), and cell-cell or cell-matrix adhesion (4, 5).
Recently, Rho GTPases have also been shown to influence cell
survival. For example, Rho GTPases up-regulate expression of
presurvival Bel-2 family members in T cells and epithelial cells
(6, 7). Constitutive activation of Rho GTPases with cytotoxic
necrotizing factor protects epithelial cells from UV-induced
apoptosis (8). Similarly, constitutively active Rac inhibits apo-
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ptosis induced by various stimuli in Rat1 fibroblasts, epithelial
cells, and hematopoietic cells (9 ~11). However, the prosurvival
effects of Rho GTPases are csll type- and paradigm-specific. For
example, overexpression of Rac sensitizes NIH-3T3 fibroblasts
to serum withdrawal-induced apoptosis (12). Furthermore, con-
stitutively active Rho GTPase mutants enhance susceptibility
of CHO cells expressing a chimeric CD4-Fas receptor to Fas-
induced apoptosis (13). Thus, in non-neuronal cells Rho GT-
Pases can display either prosurvival or proapoptotic functions.

In contrast to non-neuronal cells, comparatively few studies
have investigated a role for Rho GTPases in neuronal survival,
Furthermore, the available data suggest that neuronal cell
type-specific responses may exist. For example, dominant-neg-
ative mutants of Rac and Cdced?2 protect sympathetic neurons
from nerve growth factor withdrawal-induced apoptosis by sup-
pressing activation of apoptosis signal-regulated kinase and
¢-Jun-NH,-terminal kinase (JNK)! (14, 15), suggesting that
Rho GTPases can function as upstream activators of stress-
activated protein kinase cascades during neuronal apoptosis.
On the other hand, recent data obtained from primary cortical
neurons suggest that Rho GTPases may also mediate prosur-
vival signaling in some neuronal cell types. Inhibitors of 3-hy-
droxy-3-methylglutaryl-CoA reductase (statins) decrease the
plasma membrane localization of Rho GTPases and induce
cortical neuron apoptosis (16). Similar results utilizing statins
to induce apoptosis were also reported recently for rat brain
neuroblasts (17). These latter findings provide indirect evi-
dence that Rho GTPases may play a prosurvival function in
some types of neurons.

In the current study, we utilized clostridial‘toxins, enzymes
that covalently modify and inactivate Rho family GTPases in a
highly specific manner (18), to investigate if Rho GTPases
regulate the survival of primary rat cerebellar granule neurons
(CGNs). Clostridial toxins provide a distinct advantage over
statins in that they directly modify Rho GTPases rather than
affecting mevalonate synthesis, a precursor required for the
isoprenylation of many cellular proteins besides Rho GTPases.
CGNs isolated from early postnatal rats provide a well charac-
terized in vitro model to study neuronal apoptosis in that their
survival requires serum-derived and activity-dependent (mem-
brane depolarization) signals (19, 20). The results show that
inhibition of Rho GTPases, specifically Rac/Cdc42, promotes
apoptosis of CGNs maintained in culture medium containing

! The abbreviations used are: JINK, c-Jun NH,-terminal kinase;
CGN(s), cerebellar granule neuron(s); DAPI, 4,6-diamidino-2-phenylin-
dole; CMV, cytomegalovirus; DN, dominant-negative; GSK38B, glycogen
synthase kinase-38; MAP, mitogen-activated protein; BSA, bovine se-
rum albumin; PBS, phosphate-buffered saline; PAGE, polyacrylamide
gel electrophoresis.
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serum and depolarizing potassium, indicating that serum-de-
rived and calcium-dependent survival signals cannot compen-
sate for the loss of GTPase function. Moreover, apoptosis occurs
independently of actin cytoskeletal disruption and requires
phosphorylation of the transcription factor ¢-Jun. The data are
the first to establish clearly a prosurvival function for Rho
GTPases in a primary neuronal cel] model.

EXPERIMENTAL PROCEDURES

Materials—Clostridium difficile toxin B (21), Clostridium sordellii
lethal toxin (22), Clostridium botulinum C2 toxin (23), and C. botuli-
num C3 fusion toxin (C2IN-C3) (24) were isolated and prepared as
described previously. SB203580 (4—(4-ﬂuorophenyl)-2-(4-methyl-sulﬁ-
nyl-pheny1)~5-(4-pyridy1)-lH-imid-azole), cytochalasin D, anisomyein,

‘actinomycin D, and cycloheximide were from Calbiochem. PD169316

(4-(4-ﬂuorophenyl)-2-(4—nitropheny1)-5-(4-pyridyl)-lH-imidazole) was
provided by Dr. Alan Saltiel (Warner-Lambert/Parke-Davis, Ann Arbor,
MI). RWJ67657 (4~(4-(4-ﬂuoropheny1)-l~(3-phenylpropyl)-S-(4-py1idi-
nyl)-lH-imidazol-Q-yI)-S-butyn—l-ol) was obtained from Dr. Scott Wad-
sworth (R. W. Johnson Pharmaceutical Research Institute, Raritan,
NJ). Hoechst dye 33258 and DAPI (4,6~diamidino-2-phenylindole) were
from Sigma. Latrunculin A and rhodamine-conjugated phalloidin were
from Molecular Probes (Bugene, OR). Adenoviral-CMV was obtained
from Dr. Jerry Schaack, University of Colorado Health Sciences Center
(Denver). Adenoviral-CrmA was obtained from the University of North
Carolina Vector Core (Chapel Hill). Adenoviral dominant-negative
(DN)-c-Jun (TAM67) was kindly provided by Dr. Jong Sung Park,
Medical College of Virginia (Richmond). Polyclonal antibodies to c-Jun
and caspase-3 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Y27632 was from Upstate Biotechnology (Lake Placid, NY).
Polyclonal, phospho-specific antibodies to c-Jun (Ser-83), Akt (Ser-473),
glycogen synthase kinase-38 (GSK38) (Ser-9), INK (Thr-183/Tyr-185),
and p38 MAP kinase (Thr-180/Tyr-182) were obtained from Cell Sig-
naling Technology/New England Biolabs (Beverly, MA).

Cell Culture—Rat CGNs were isolated from 7-8-day-old Sprague-
Dawley rat pups (15-19 g) as described previously (25). Briefly, neurons
were plated at a density of 2.0 x 10° cells/ml in basal modified Eagle’s
medium containing 10% fetal bovine serum, 25 mM KCl, 2 mM L-
glutamine, and penicillin (100 units/ml)-streptomycin (100 ug/ml) (Life
Technologies, Inc.). Cytosine arabinoside (10 uM) was added to the
culture medium 24 h after plating to limit the growth of non-neuronal
cells. Using this protocol;-the cultures were ~95-99% pure for granule
neurons. In general, experiments were performed after 7 days in cul-
ture. Apoptosis was induced by either removing serum and decreasing
the extracellular potassium concentration from 25 mM to 5 mm or by the
direct addition of clostridial toxins to complete medium containing
serum and 25 mM potassium.

Quantitation of Apoptosis—After induction of apoptosis as deseribed
above, CGNs were fixed with paraformaldehyde, and nuclei were
stained with either Hoechst dye or DAPI Cells were considered apo-
ptotic if their nuclei were either condensed or fragmented. In general,
~500 cells from at least two fields of a 35-mm well were counted. Data

are presented as the percentage of cells in a given treatment group -
which were scored as apoptotic. Experiments were performed in )

triplicate.

Adenoviral Infection—On day 5 in culture, CGNs were infected with
either control adenovirus (adenoviral-CMV ), adenoviral-CrmaA, or ad-
enoviral-DN-c-Jun each at an multiplicity of infection of 5-10. After
infection, cells were returned to the incubator for 48 h at 37 °C and 10%
CO,. On day 7, the cells were then incubated for an additional 24 h with
either vehicle (1 mg/ml BSA in PBS) or 500 pg/ml C. difficile toxin B.
Apoptosis was quantified as described above.

Preparation of CGN Cell Extracts—After incubation with clostridial
toxins for the indicated times specified in the text, the treatment me-
dium was aspirated, CGNs were washed once with 2 ml of ice-cold PBS
(pH 7.4), and cells were then placed on ice and scraped into lysis buffer
(200 wV/85-mm well) containing 20 mmM HEPES (pH 7.4), 1% Triton
X-100, 50 mmM NaCl, 1 mm EGTA, 5 mm B-glycerophosphate, 30 mm
sodium pyrophosphate, 100 #2 sodium orthovanadate, 1 mum phenyl-
methylsulfonyl fluoride, 10 pg/ml leupeptin, and 10 wg/ml aprotinin.
Cell debris was removed by centrifugation at 6,000 X g for 3 min, and
the protein concentration of the supernatant was determined using a
commercially available protein assay kit (Pierce Chemical Co.). Ali-
quots (~150 ug) of supernatant protein were diluted to a final concen-
tration of 1 X SDS-polyacrylamide gel electrophoresis (PAGE) sample
buffer, boiled for 5 min, and electrophoresed through 10-15% polyacryl-
amide gels. Proteins were transferred to polyvinylidene fluoride mem-

branes (Millipore Corp., Bedford, MA) and processed for immunoblot
analysis.

Immunoblot Analysis—Nonspecific binding sites were blocked in
PBS (pH 7.4) containing 0.1% Tween 20 (PBS-T) and 1% BSA for 1 h at
room temperature. Primary antibodies were diluted in blocking solution
(final dilution of 1:250~1:1,000) and incubated with the membranes for
1h. Excess primary antibody was removed by washing the membranes
three times in PBS-T. The blots were then incubated with the appro-
priate peroxidase-conjugated secondary antibody diluted in PBS.T (fi-
nal dilution.of 1:5,000-1:10,000) for 1 h and subsequently washed three
times in PBS-T. Immunoreactive proteins were detected by enhanced
chemiluminescence (Amersham Pharmacia Biotech). In some experi-
ments, membranes were reprobed after stripping in 0.1 M Tris-HCL (pH
8.0), 2% SDS, and 100 my B-mercaptoethanol for 30 min at 52 °C. The
blots were rinsed twice in PBS-T and processed as above with a differ-
ent primary antibody. Autoluminograms shown are representative of at
least three independent experiments.

Phospho-c-Jun Immunocytochemistry———CGNs were cultured on poly-
ethyleneimine-coated glass coverslips and were incubated with clogtrid-
ial toxins * pyridyl imidazole inhibitors as described in the text. After
incubation, CGNs were fixed with paraformaldehyde and then perme-
abilized and blocked with PBS (pH 7.4) containing 0.1% Triton X-100
and 5% BSA. Cells were then incubated for ~16 h at 4 °C with rabbit
polyclonal anti-phospho-c-Jun (Ser-63) at a dilution of 1:1,000 in PBS
containing 0.1% Triton X-100 and 2% BSA. The primary antibody was
aspirated, and the cells were washed five times with PBS. The cells
were then incubated with rhodamine~conjugated donkey anti-rabbit
secondary antibody (1:500) for 1 h at room temperature. CGNs were
then washed five more times with PBS, and coverslips were adhered to
glass slides in mounting medium (0.1% p-phenylenediamine in 75%
glycerol in PBS). Fluorescent images were captured using a 63 X oil
Immersion objective on a Zeiss Axioplan 2 microscope equipped with a
Cooke sensicam deep-cooled CCD camera and a Slidebook software
analysis program (Intelligent Imaging Innovations Inc., Denver).

F-actin Staining—CGNs cultured on polyethyleneimine-coated glass
coverslips were incubated for ~24 h with either vehicle (BSA in PBS),
toxin B, lethal toxin, or C2 toxin. After incubation, cells were fixed with
paraformaldehye, permeabilized with Triton X-100, and incubated for
1 h with rhodamine-conjugated phalloidin and DAPI to stain F-actin
and nuclei, respectively.