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ABSTR,,A.CT

Alzheimer amyloid precursor protein (APP) effectively protects

against apoptosis in neuronal cells under stress, but the mechanisms of this

anti-apoptotic effect rernains largely unknown. Transcription factors act as

critical molecular switches in promoting neuronal survival. The myocyte

enhancer factor-2 G4EF2) is a transcription factor, and is known to be

necessary for neurogenesis and activity dependent neuronal survival. This

study examined the possible role of MEF2 in the anti-apoptotic signaling

pathways activated by APP. We report that expression of wild-type human

APP (hAPPwt) but not familial Alzheimer's disease mutant APP (FAD-

hAPPmut) in APP-deficient rat 8103 cells led to a significant increase in the

level of phosphorylated MEF2. This differential phosphorylation was

dependent on enhanced activation of p38 mitogen-activated protein kinase

(p38 MAPK). Also, expression of hAPPwt mediated an increase in MEF2

DNA binding affinity that correlated with p38 MAPK dependent trans-

activation of a MEF2-responsive reporter gene. Furthermore, over

expression of dominant negative MEF2 in hAPPwt expressing cells

enhanced staurosporine-induced apoptosis. In conffast, MEF2wt over

expression in enhanced the capacrty of hAPPwt to confer resistance to



apoptosis. Thus, MEFZ plays a critical role in APP mediated signaling

pathways that inhibit neuronal apoptosis. A model of anti-apoptotic APP

signaling is proposed where APP mediates p38 MAPK dependent

phosphorylation and activation of MEF2. Once activated MEF2 regulates

neuronal survival by stimulation of MEF2 dependent gene transcriptions.

Alteration of this functíon by mutations in APP and aberrant APP

processing, could contribute to neuronal degeneration seen in Alzheimer's

disease (AD).
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1.0 INTR.ODUCTION

I.1 ALZHEIMER AMYLOID PRECURSOR PROTEIN (APP)

There are three major isoforms of APP (4PP776, APP75¡ and APP¡,e5).

APP77¡ and APPTsr âte expressed in both neuronal and non-neuronal cells

but APP6e5 is only expressed in high levels in the brain (1). The difference

between the 7701751 and 695 isoforms ís the presence of an exon that codes

for a 56 amino acid (aa) motif that is homologous to the Kunitz type of

serine protease inhibitor and an OX-2 antigen domain (2"3). Functions for

APP that have been described in vitro and in vivo include: inhibition of

certain proteases by APPzsr/APPno, and enhancement of cell substrate

adhesion, neurotrophic and other growth promoting effects and

neuroprotective properties, which are shown by all three isoforms (4).

1.1.1 The role of APP in the pathogenesis of Alzheimer's Disease (AD)

Amyloid precursor proteins have recently been implicated in the

pathogenesis of AD (4,6,8). Alzheimer's disease is characterized by

neurofibrillary tangles and amyloid plaque formation in the cerebral cortex,



- which was first identified by Alois Alzheimer in 1907. The manifestation of

AD is defined by three stages: the initial mild stage, where the patient shows

short-term memory impairment often accompanied by symptoms of anxiety

and depression; the moderate stage where symptoms appear to abate as

neuropsychiatric manifestations such as visual hallucinations, false beliefs

and reversal of sleep patterns; and the severe stage, where the patient

becomes more sedentary and can no longer care for themselves (5)

One of the hallmarks of AD is the amyloid plaques found post-

mortem in brain tissue. These characteristic plaques are composed of the

amyloid-p (AB) protein, which is an insoluble product of endoproteolytic

cleavage of APP (6). Aggregates of AB comprising of ABae and mostly Ãþ+z

assemble into fibrils (7-10 nM) to form a dense plaques usually found in

moderate or large numbers in the limbic structures and association neocortex

(6) This plaque also usually contains degenerating axons and dendrites of

neurons, activated microglia and astrocytes (6).

The principal cleavage sites on APP are important for proper cleavage

of APP to soluble products that can be broken down further and recycled by

the cel[. APP has three specif,rc sites that o, B and y secretases recognize and

cleave (Figure 1X7). When c, secretase cleaves APP, a large soluble

segment is released and a small portion of the c-terminus fragment is

2
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Figure 1. Secretase cleavage of APP by two alternative pathways. APP is
either cleaved by alpha and gamma secretases to form the soluble APPalpha
and p3 products, or beta and gamma secretases to form a soluble APPbeta
peptide and an insoluble A-beta peptide.



retained in the membrane. The u secretase cleaves APP in the middle of the

region that the Ap peptide is located, therefore not allowing Ap production.

Cleavage of APP by Þ and y secretases results in the formation the AB

fragment, Aþ0, (Figure 1) (6,7). The y secretase can also cleave APP to form

AÞoo and ABa1, but these fragments do not aggregate as readily to form a

plaque as the Aþ0, fragment.

The major theory that describes the cascade of AD progression is

founded on the idea that missense mutations in genes that affect the

endoproteolysis of APP results in an increase in production of Ãþ42 and

leads to a progressive accumulation and aggregation of Aþ42 in the brain

and interstitial fluid (8). Deposition of aggregated 
^þ42 

then form diffuse

plaques that also include AP40 and certain plaque associated proteins. This

causes activation of the brain's resident macrophages, the microgli4 that are

in close proximity to AB deposits, which activate inflammatory cascades

(123). In vitro exposure of microglia to AB leads to production of pro-

inflammatory cytokines such as TNF-a (tumor necrosis factor alpha) and

interleukin lB that attenuate the inflammatory cascade. Also, Ap plaque

formation activates astrocytes (astrocytosis) resulting in upregulation of

interleukin 1B production and inducible nitric oxide synthase (iNOS) that

leads to inflammation (124) Neurons are then progressively injured within

4



the amyloid plaques and disruption of neural metabolic and ionic

homeostasis contribute to oxidative uliury, attenuating kinase/phosphatase

activation and hyperphosphorylation of tau. Tau is a microtubule associating

protein that is necessary for proper microtubule organization. When it is

phosphorylated it loses its ability to associate with microtubules causing

neurofîbrillary tangles. The end result is widespread neuronal dysfunction

and death in the hippocampus and cerebral cortex with progressive

neurotransmitter def,rciencies (8). On the other hand, there is evidence that

the pathogenesis of AD is not caused by the AB plaques, but that they are a

downstream effect of faulty APP metabolism. Recently, development of a

theory that the fundamental basis of AD appears to relate directly to certain

signaling mechanisms that are curtail for normal development that involves

the metabolism of APP, therefore elucidating the normal function of APP

may lead to understanding the causation of AD (19,20,21).

1.1.2 Functions of APP as a cell surface receptor

Amyloid precursor proteins (APPs) are type 1 integral membrane

proteins that resemble glycosylated receptor proteins (9). They have a large

N-terminus extracellular domain, a single transmembrane domain segment



and a short cytoplasmic tail. Although, the possible ligands of the

extracellular domain of APP are still unknown. recent studies have shown

that the carboxyl terminus of APP has a phosphotyrosine-binding domain

(PTB). This domain consists of a higþly conserved stretch of five amino

acids (683-688) that resembles the consensus sequence surrounding a

tyrosine that is auto phosphorylated in epidermal growth factor (10). Also

centered on this PTB is a complex network of interacting proteins (Figure

2)(11-14). These results suggest that APP could be involved in signal

transduction. Very little is known about the functions of membrane-bound

APP; consequently our understanding of molecular mechanisms regulating

APP signaling is largely unknown.

1.1.3.1 Guanine S'-triphosphate GTP binding protein (Gq)

Go has been found to bind the c-terminus (His 657-Lys676) of APP,

which leads to its activation. The Gs protein in neuronal cells is involved in

propagating signals for adhesion (15), neurite outgrowth (16) and

locomotion (17). When Go is treated with GTP-þT, it loses the ability to

associate with APP (18), thus APP is probably a receptor that regulates



+A--t@---APoPTosrs?

NEUR.NAL PR.LTFERATT. N a-/Wt/
AND DIFFERENTIATI.N 

Feós ¿

T*'\I\W
ffi, ^W//À \

ry @----oooPPPR..ESSTNG

J./
INIRACELLULAR TRAF FICKING

CELL SUBSTRATE ADHESION

NEURITE OUTGROMH

(YENPTY molif)

UBIQU ITINATION PATHWAY

RELATED APOPTOSIS?

T
GENE

REGUIATION

Figure 2. Schematic representation of the protein-protein interaction

network centered around the cytoplasmic domain of APP.

n

a:

!



intracellular signaling through Go. This is supported by the fact that APP

and Gs have some of the same signaling characteristics in neuronal cells

(19) In addition, the physiological role of APP signaling through Gs has

been studied in AD. Familial Alzheimer's disease (FAD) mutations in APP

constitutively activate Gs and induce apoptosis in NKI cells and suppresses

the cAMP response element (CRE) (19,20).

1.1.3.2 Fe65

The protein Fe65 has been found to interact with the last 33 c-terminal

residues of APP (21). It has been suggested that Fe65 is an adapter protein

that propagates signaling cascades through activation of specific proteins

because it contains fwo distinct protein interaction domains: the

phosphotyrosine-interaction domains GIDs) and the WW doman (22). The

PID domain is similar to the Shc family of proteins in that it recognizes

phosphorylated NPXY motiß, and in addition is thought to be involved in

signal transductíon (21, 29).



--

r.1.3.3 LSF

A protein that complexes with the PID domain of Fe65 is LSF which

is a transcription factor that is involved in inducing expression of specific

genes (22,23). LSF is thought to control the internalization and processing

of APP when it interacts with Fe65 (22). ln AD, LSF is of interest because,

apart from influencing global gene expression in cell growth and mitogenic

stimulation (24), it interacts with gene products a-2 macroglobulin, GSKP

and viruses that have been suggested to have a role in the pathogenesis of

AD (25,26,27).

1. 1.3.4 Mena

Fe65 has also been found to interact with a protein called Mena

through its WW domain þrotein interaction domain). Mena is the

mammalian homolog of the drosophila enabled protein (29), which is found

in cellular sites where active actin remodeling occurs such as in lamellipodia

(28). This suggests that Fe65 could function as an adaptor protein to alter

cytoskeleton dynamics through Mena by APP stimulation. In addition Mena

induces p19 neuronal cells to differentiate similarto the action of APP (28)



- implicating that Mena may be involved in neurite outgrowth induced by

APP signaling (29).

1.1.3.5 X1l

Another protein that interacts with the c-terminus of APP is X11 (14).

This protein interacts with APP through a PIDIPTB domain similar to those

found in Fe65. It has characteristics of being an adaptor protein because it

possesses two PDZ (PSD-95/DI91Z0-1) protein-protein domains (29). Xl1

has been shown to modulate the metabolism of APP, and reduce secretion of

AP. It achieves this through interaction with MunclSa at its n-terminus,

where both Xll and MunclSa act in concert to suppress y-secretase

processing of APP (30).

1. 1.3.6 JIPl

Proteins from the JNK (c-Jun NH2-terminal kinase) signaling pathway

selectively bind to scaffold proteins, such as the JIP family of proteins,

which is important in speeific stimulation of the JNK pathway (31,32). JIPI

interacts strongly with the cytoplasmic domain of APP. The interaction

10



between APP and JIPl involves the phosphotyrosine interaction GI) domain

of JIP I and GYENPTY motif in the APP cytoplasmic domain. The

expression of JIPI has been found to stabilize immature APP, suppress the

production of the secreted large extracellular n-terminal domain of APP, the

generation of a cleaved intracellular c-terminal fragment and the secretion of

AP40 and Aþ42. This effect is independent of JIPs regulation of the JNK

signaling cascade (31). This suggests that the interactions of JIP with APP

plays an important role in the metabolism of APP (32,33).

l. 1.3.7 APP-BP1

Another APP-binding protein called APP-BPI has been isolated by

yeast fwo hybrid system. It is similar to a protein encoded by the

Arabidopsis AXR1 gene, which has a gene product that is a ubiquitin

activating enzyme (34). This suggests that APP-BPI may participate in a

ubiquitinylation-related pathway that is stimulated by APP. Recent studies

have shown that APP-BPI also interacts with huba3 (human Uba3), which

activates the ubiquitin NEDDS pathway, which has specifically been found

to induce apoptosis in primary neurons through overexpression of APP-BPI

(35)
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1.1.3.8 Shc

Recently, using the yeast-nvo hybrid system, the cytoplasmic domain

of APP was found to interact with ShcA and ShcC (36). These proteins are

cytoplasmic adaptor proteins that have phosphotyrosine binding (PTB) and

Src homology (SH2) domains, which interact with receptor tyrosine kinases

and activated growth factors (36). This is consistent with the furdings that

tyrosine phosphorylation of APP promotes the interaction between APP and

Src. SrcC is higtrly expressed in the adult brain and has been found to

modulate cellular and neuronal differentiation and proliferation therefore

providing evidence for a link between APP signaling and the mediation of

cell survival.

1.1.4 Anti-apoptotic action of APP in neuronal cells

APP has been implicated in the pathogenesis of AD. AD

characterized by memory impairment through neurodegeneration, which

mediated in part by activation of pro-apoptotic pathways and appears to

contribute to AD and other important neurological diseases (37,38). During

IS

is
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apoptosis, degenerative cascades become activated and/or sustaining

signaling pathways are too weak, causing degeneration of neuronal circuits,

which manifest as disease (39). In the presence of apoptosis inducing

stimuti overexpression of hAPPwt, but not FAD hAPPmut exhibits a

protective effect against apoptosis in neuronal cells by post-translational

modification of p53 and oxidative stress-induced apoptotic cell death

(40,41,42). The protective capacity of APPwt in cells challenged with

secondary insults is consistent with the observations that the synthesis of

both APP and APLP2 (amytoid precursor like proteins) are upregulated

during trophic factor withdrawl-induced neuronal apoptosis (43), secreted

APPwt counteracts the pro-apoptotic action of mutant presinilin-1 (44), and

that secreted APP protects neurons against excitotoxicity (a5). In addition,

the abnormal cleavage of APP seen in AD induces neuronal apoptosis by

activating caspases (46,47). APPmut has also been found to have properties

that induce apoptosis. For example, APPmut in contrast to APPwt

constitutively activates Go (18) and provokes various effects including DNA

fragmentation (20). Few studies have examined how mutations in APP or

alteration in its signaling pathway counteract or impair specif,ic APP

functions. Knowledge about the molecular mechanisms involved in anti-

13
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apoptotic APP signaling may provide insights into the pathogenesis and

treatment of AD.
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1.2 MEF2 FAMILY OF TRANSCRIPTION FACTORS

1.2.1 MEF2 strucrure and binding specif,rcity

The myocyte enhancer factor 2 QILEFZ) proteins belong to the MADS

MCMI ag¿rmous deficiens serum response factor) family of transcription

factors. There are four MEF2 isoforms reported in vertebrates (MEF2A-D)

that share a high level of homology (Figure 3). Every isoform contains a

MADS domain and a 29 amino acid (aa) MEF2 domain that constitutes

approximately the first 100 aa from the N-terminus. These domains are

involved binding to the A/T-rich DNA sequence (C/T)TA(A/T)4TA(G/A)

(48), and dimerization with other MEF2 family members or b-HLH

transcription factors (49). MEF2 familv members also contain a

transactivation domain at the C-terminus that determines their ability to

induce gene transcription. The induction of genes involved in myogenesis

(50), myoblast differentiation (51), vascular development (52), and neuronal

differentíation (53) have been found to be N4EF2 dependent (54).
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Figure 3. Members of the MEF2 family of transcription factors that are

important in muscle differentiation, v¿rscular development, differentation and

survival. Known phosphorylation sites on MEF2 family members are

identified (numbser indicates the amino acid position). These

phosphorylation sites confer an increase in the transactivation potential of
MEF2.
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1.2.2 Function of MEF2 in muscle cells

The MEF2 family of proteins has been studied most extensively in

muscle cells in view of their importance in muscle development (55)

MEF2A, -C and -D proteins are detectable in cells from the developing

mouse heart at embryonic day 8.5, and their expression then proceeds in a

rostro-caudal direction concurrent with somite maturation (55). The essential

role of MEF2 in muscle development is demonstrated by creating MEF2C-

null mice, which are embryonic lethal due to heart malformation (50). Also,

dominant negative forms of MEF2 expressed in rnyoblasts block myotube

formation and differentiation (56, 57)" and distamycin A (can out compete

MEF2 for its binding to DNA) has been found to inhibit muscle-specific

gene expression and myogenesis (58).

There is a proposed mechanism for the role of MEF2 proteins in

myogenesis. This is, MEF2 proteins physically interact with myogenic

transcription factors from the MyoD family and myogenin to initiate the

muscle differentiation program by binding directly to the promoters or

enhancers of muscle-specific genes furthermore increasing transcriptional

activity (56, 57). The genes that have been identified to be involved in

muscle differentiation that are regulated by a MEF2 cls-element in the

17



promoter are: myosin heavy chain in smooth muscle cells (57), troponin I

and T genes in cardiac cells (59, 60), muscle creatine kinase (61), myosin

light chain 2 tn skeletal muscle (62) myogenin (63) (Table 1). MEF2 can

also interact with TEF-I which increases the activity of muscle specifìc

genes and is also expressed in neurons in the development of the nervous

system (64).

1.2.3 Function of MEF2 in neuronal cells

MEF2A, -C and -D are highly expressed in neurons located in the

central nervous system (CNS), especially MEF2C (65). In cells from

developing rat cerebral cortea MEF2C expression is first detected at

embryonic day 17 and peaks around day 2l (66). Increased MEF2C

expression is found in the differentiating cells of the cortical plate but is not

detectable in the actively dividing neuronal precursor cells that populate the

ventricular zone, indicating that MEFZC may play a role in neurogenesis.

Further evidence for this is shown by studies that have found that MEF2 has

an anti-apoptotic effect on differentiating neuronal cells (67) and mediates

neuronal activity dependent cell survival (68). Conversely, apoptosis levels
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Muscle-
specific

Smooth
Muscle

Myosin heavy chain Components of myosin, which is
involved in the mechanics of muscle
contraction

Cardiac
Muscle

Mvosin lisht chain 2
Muscle creatine
kinase

Involved in muscle energy metabolism

Skeletal
Muscle

Troponin T Involved in calcium-dependent
regulation of skeletal muscle
contraction

Troponin I

Myogenin Activates expression of muscle-
specific genes such as actin and
mvosin

Brain-
specific Neuronal

NMDA Rl Component of NMDA receptor, which
is important in brain development and
memory

GABA receptor sigma
subunits

Component of GABA receptor anion
channel important in control of
synaptic sienaling

Type tr sodium
channels

Lnportant in generating charge for
initiation of action potential
nrooasation in neuronal sisnalins

Neurosranin lnvolved in dendritic spine
development. learnine and memory

Neurofilament-light
chain

Component of neuronal intermediate
filaments, which form the primary
cytoskeletal component of axons in
mature neuronal cells

Brain-specific
creatine-kinase

Involved in brain energy metabolism

Synapsin tr Modulates synaptic transmission for
þroper neuronal sigraling

Table 1. Genes involved in differentiation and development that are

regulated by a MEFZ cis-element in the promoter
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are increased in cerebral cortical cells and cerebellar granule cells by

expressing a dominant negative MEF2.

The mechanism by which MEF2 mediates neurogenesis is thought to

be analogous to the model in myogenesis because MEF2 has been found to

interact with NeuroD, KW8, neurogeninl, and MASHI (69), (bHLH

transcription factors to activate neural specific promoters (Table 1), leading

to neurogenesis (68).

1.2.4 MEF2 dimer composition

Tissue-specific regulation of transcriptional regulatory proteins such

as MEF2 is a critical component of cell fate specification and can be

accomplished by post-translational control over MEF2 activity. There is

evidence that MEF2 protein expression and DNA binding activity is not

correlated with the capacity of transcriptional activity, rather there are

differences in the composition of the MEF2 DNA binding complex in

different cell types that may modulate its trans-activational potency. This is

observed in the comparison of MEF2 dimer composition between muscle

(CZC12) and non-muscle cells (Flela) (70). In differentiating muscle cells

MEFz is primarily found in a MEF2A:lttßF2A homodimer, which trans-
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activates a myosin heavy chain promoter reporter gene with MEF2 sites

(PE102CAT), whereas in Hela cells the primary dimer composition is

MEF2A:MEF2D which binds to the MEF2 cis-element but is inactive (70).

1.2.5 MEF2 responsive genes

1.2.5.1 c=iun transcnption

The proto-oncogene c-jun is an immediate early gene expressed in

quiescent cells in response to mitogens such as serum or other growth

promoting stimuti. The regulation of c-jun transcription is partially due to a

MEF2 binding site in the promoter region. Other transcription factors that

bind to the promoter of c-jun, such as AP-l and ATFI, are also required for

the optimal activation of c-iun franscription.

The induction of c-iun expression, through AP-l, ATF1 and MEF2

activation is mediated by mitogens or signals from G protein-coupled

receptors (71, 72). Evidence for this is shown in studies where serum

induced G protein-coupled muscarinic acetylcholine receptor (mAChR)

signaling initiated transcription of the c-iun promoter via activation of MEF2

(71,72).
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Recently, the regulation of c-jun through mAChRs has been described

as the integration of numerous signals transduced by a highly complex

network of MAPKs, rather than resulting from the stimulation of a linear

protein kinase cascade. The pathways that are activated by mAChR

signaling and in turn activate MEF2-dependent c-jun transcription are: the

ERK5 pathway, and the p38 MAPK pathway (71, 12). Specifically,

activation of ERK5, p38a and p38y kinases induced a significant increase in

the expression of c-jun. Conversely, mutation of the MEF2 sites in the

promoter diminished the stimulatory effects of these kinases, suggesting that

the MEF2 responsive element is essential for activation of c-jun expression

by these kinases. Studies have shown that ml muscarinic receptor activation

leads to MEF2A and -C phosphorylation by ERK5, p38o and -Y, but only

p38u and -y phosphorylated MEF2D, and none of these kinases

phosphorylated MEF2B. This increase in phosphorylation in MEF2A and -

C increased their ability to stimulate c-jun transcription(71,72).

regulated and plays

well as long term

The NMDA

an important role

glutamate receptor

in normal brain

is growth factor

development as
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potentiation (73). The NMDA receptor subunit 1 (t\Rl) appears to be

essential for the receptor function, and its gene contains MEF2 consensus

sites in its promoter that bind MEF2C (74). MEF2 binding to the promoter

region of NRI is important in activating transcription because inducing

MEF2 binding site mutations abolished 44o/o of the NRl promoter activity.

This indicates that MEF2 is important in acting with another factor,

specificalty Spl to activate NRl expression (73). Furthermore, many other

neuronal genes that are important in the developing brain have been

identified to contain MEF2 and Spl sites that regulate their ffanscription.

Some of these include, y-aminobutyric acid type A (GABA) receptor ô

subunits, type II sodium channels, neurogranir¡ synapsin II, neurofilament-

light chain and brain-specific creatine-kinase (73) (Table 1).

1.2.6 Sistaling pathwavs that affect MEF2 trariscriptional activitv

Recent studies have suggested that expression of the MEF2 proteins

and MEF2 DNA binding activity are not always correlated with the

activation of MEF2 site-dependent target genes (70, 75). This observation

supports the idea that the post-translational modification of these proteins by

signaling pathways is an important regulatory step in controlling their

23
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capacity to activate transcription. Further evidence for this is shown by

amino acid sequence analysis of the MEF2 proteins, which indicates that

they contain numerous putative phosphorylation sites for PKC, caesin kinase

II, and MAPK classes of signaling molecules (Figure 4).

1.2.6. I Mitogen-activated protein kinase pathways

Mitogen-activated protein kinase (MAPK) signal transduction

pathways are widespread mechanisms of eukaryotic cell regulation. Each

MAPK pathway is preferentially activated by distinct sets of stimuli, acting

through different receptor families (tyrosine kinase receptors, and G-protein

coupled receptors), thereby allowing the cell to respond coordinately to

multiple divergent inputs. In turn, activation of MAPK pathways result in

activation of gene transcription, protein synthesis, cell cycle machinery, cell

death and differentiation (35).

All MAPK pathways involve a three component module conserved

from yeast to humans. These modules include three kinases that establish

the sequential activation pathway comprising of a MAPK kinase kinase

MKKK), a MAPK kinase (l\4KK), and a MAPK. MKKKs are activated by

phosphorylation or interaction with small GTP binding proteins such as Ras,
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Rac, Cdc 42 andRho. Furthermore, active MKKKs phosphoryate and

activate MKKs which then phosphorylate and activate MAPKs. MAPI( are

proline directed kinases that are activated by concomitant tyrosine and

threonine phosphorylation with in a conserved Thr-X-Tyr motif in the

activation loop of the kinase domain. Other cornmon principals that MAPK

pathways share are, their signaling components are under multiple forms of

regulation with more than one biological function. Also pathway

organization is mediated by scaffotding proteins, which bind and sequester

select MAPK pathway components to permit efficient action in response to

specific stimuli.

The mammalian MAPKs are subdivided into five families that are

de f,rned as ERK l /2 (insutin/mito gen -re gulated exüacellular s ignal -rel ated

kinase), JNK (c-Jun NH2-terminal kinase), p38, and ERK5iBMKI (big

mitogen-activated kinase). Two of these pathways are important in the

regulation of MEF2, which are the p38 and ERK5IBMKI pathways.

1.2.6.2 P3 I MAPl(slmaltng

The p38 mitogen-activated protein kinase (MAPK) family has four

closely related isoforms (u, Þ, T and ô) (76), which are activated via tyrosine
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kinase receptors following exposure of cells to environmental stress or by

treatment of cells with pro-inflammatory cytokines. The direct intracellular

activators of p38 are MKK3 and MKK6. Recent studies have determined

that MEF2A and MEF2C are phosphorylated directly by p38a (slightly by

p3SB) within their trans-activation domain. Specifically, MEF2C is

phosphorylated at serine 387, and threonines 293 and 300; and MEF2A is

phosphorylated at threonine 312 and 319 (Figure 3)(76, 77, 78).

Furthermore, phosphorylation of these sites by p38a and p38p enhances the

transcriptional activity of both MEF2A and MEF2C in response to

inflammation (76, 79).This provides evidence support to the view that

MEF2 is a key downstream effector of mitogenic signaling (Figure 4).

The specificity of p38 MAPK sites is determined by a highly

conserved docking domain within MEF2A and MEF2C that confers

phosphorylation of a consensus motif (ser/thr-pro) by p38o and p388. This

docking domain is sufficient to confer p38 responsiveness on heterologous

substrates and can be functionally replaced by alternative kinase docking

motifs from other transcription factors (77).
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Figure 4. Signaling pathways that affect the phosphorylation state of MEF2
family members. Phosphoryation of MEF2 by these pathways up-regulates
MEF2 -dep endent trans activation of target genes.
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Phosphorylation of MEF2 family members by p38 has been linked to

the activation of myoblast differentiation and myogenesis through insulin

growth factor (IGF) and G protein coupled receptor signaling (51)

Myogenesis and myoblast differentiation are initiated by induction of

muscle-specific genes, such as muscle creatine kinase (MCK) and myogenin

(51). Therefore the p38/lvfEF2 signaling pathway is postulated to fulfill a

dual role during muscle differentiation, being mitogenic at the initial stage of

myogenesis and promoting differentiation al a later stage in the

differentiation pro gram.

MEF2 phosphorylation by p38 in neuronal cells has been linked to

neurogenesis and induces neuroprotective effects. This is shown in

differentiating p19 embryonal carcínoma cells, where inhibition of p38a

MApK increased apoptosis levels. This effect could be reversed when cells

are transfected with constitutively active MEF2C (67). Furthermore,

transfecting p19 cells with MEF2C induced a mixed neurogenic/myogenic

phenotype in addition to decreasing the amount of apoptotic cells.

Also, calcium influx into neurons has been shown to induce p38-dependent

phosphorylation of MEF2 and increase its trans-activation of target genes,

tinking the p38/\4EF2 pathway to regulation of calcium-dependent survival
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in neurons that have made the appropriate synaptic connections during

development (66).

1.2.6.3 ERK5IBMK1 signaling pathway

The ERK5IBMK1 pathway is activated by growth factors, oxidative

stress, and hyperosmolarity and is required for growth factor-induced cells

cycle progression through S phase (80). A yeast two-hybrid screen revealed

rhar ERK5 interacts with amino acids 19-167 of MEF2D (81), and in

addition MEF2C and MEF2A immunopercipitated with ERK5. A functional

role for MEF2-ERK5 interaction was confirmed by a study that found that

ERK5 phosphorylated MEF2A, C and D, 04EF2A phosphorylated on serine

355 and threonines 312 and 319; MEF2D on serine 430) when activated by

EGF (Figure 3,4). Furttrermore phosphorylation of MEF2A, MEF2C and

MEF2D by ERK5 initiated transcription of a MEF2-responsive cAT-

reporter gene (S1) indicating that ERK5 induces MEF2-dependent gene

transcription. Severat groups have reported that, in a variety of cell types'

MEF2 proteins play a role in growth factor and stress stimulus-induced early

gene responses such as c-iun, through stimulation from the ERK5 pathway'

to1V
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This has been the only target

pathway to date.

gene identified for MEF2 through the ERK5

1.2.6.4 Protein kinase C ßKC) pathwa]¡

The PKC family of serine-threonine kinases participate in vital

cellular processes such as growth and differentiation acting as components

of several signal transduction cascades initiated by ligand stimulation of

transmembrane receptor tyrosine kinases by growth factors (78). Receptors

activate phospholipase C, which cleaves phosphoinositides to generate

inositol-3-phosphate (IP¡) and diacylglyerol @AG), then DAG activates

PKC in conjuction with intracellular calcium. There are three groups of

PKCs: the conventional cPKCs (4, F and y); novel nPKCs (ô, e, 0 and I);

and atypical PKCs (f, € and p) (78). Novel PKCs (ô and e) have been found

to phosphorylate MEF2A and MEF2C on serine residues in the trans-

activation domain in differentiating COS muscle cells. Overexpressing

PKCô and PKCe with MEF2A in COS cells was found to significantly

increase the activity of a MEF2 CAT reporter over MEF2A expressing cells,

indicating a functional role for the phosphorylation of MEF2 by PKC

(Figure 4X78).
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1.2.6.5 Phosphoinositot-3-kinase ßI3-Kl Signaling

Insulin-like growth factors (IGFs) have been implicated in the control

of skeletal muscle growth and differentiation (82, 83, 84). After myoblasts

are withdrawn from the cell cycle, IGFs promote muscle differentiation by

inducing the expression or activity of myogenic regulatory factors such as

myogenin (involved in executing the differentiation program in myoblasts)

through the PI3-K pathway (75,82).

PI3-K has been found to activate downstream molecules such as

protein kinase B eKB) also known as Akt by converting

phosphatidylinositol 4,5-bisphosphate to phosphatidylinositol 3'4,5-

triphosphate, which in tum leads to phosphorylation of Akt. Akt has been

found to induce muscle-specific tanscription and functions as a positive

mediator of muscle cell survival (85, S6). [n contrast, the ability of

myoblasts to differentiate was significantly repressed in cells glown in the

presence of the PI3-K inhibitor compared to control conditions (82).

Inhibition of PI3-K or Akt also repressed the activity of MEF2C to trans'

activate a reporter gene, thereby implicating that the PI3-K/Akt pathway

induces myoblast differentiation through activation of MEF2-dependent

gene transcription. The PI3-IUAkI pathway attenuates this effect by
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inducing a change in the phosphorylation state of MEF2 that is independent

ofMAPKpathways(Figure4)(75,82).Aktdoesnotdirectlyphosphorylate

MEF2butthereisapossibitltythatAktmaydirectlyphosphorylatean

intermediate co-activator, p300/CBP' which in furn can complex with N/ß'F2

to facilitate transcriptional activation (75)'

Growth factors such as TGFp exert their effects by inducing an altered

program of gene expression through trans-activation of a discrete set of

genes important for the regulation of a variety of characteristics' including

cell proliferation, extracellular matrix production, inflammatory responses

andgrowthinhibition(87,88).ThepropertiesofTGFpinmediatingsucha

diversity of cellular responses result from their ability to regulate the

expression of a multitude of target genes. TGFP receptor activation

propagatesasignalbyphosphorytatingR-Smads(Smadsl'2'3'5and8)'

whichthencomplexwithCo.smads(Smads.4)andtanslocatetothe

nucleus where they control gene expression in a cell-type specific manner

(87,88).IthasbeenrecentlydiscoveredinC2Cl2cellsthatSmad}and

Smad4canassociateinvitrowithMEF2AandMEF2C.Thisinteraction

i
a,t
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enhances the activify of MEF2A and MEF2C, which is regulated by the

TGFB receptor, determined by a GAL4 activator/reporter assay (88). In

addition, the activation of MEF2A and MEFZC by TGFP stimulation is

dependent on their phosphorylation by p38 MAPK, which suggests that

there is cross-talk between TGF-p and the p38 MAPK signaling pathways.

Furthermore, these results provide evidence that expression of MEF2

proteins may be a key switch in conveying Smad-dependent TGF-P

signaling from an inhibitory to a stimulatory differentiation signal in muscle

cells (88).

1.2.6.7 Casein kinase-Il

Casein kinase-Il (CKII) is a protein kinase with many substrates, the

majority of which are proteins implicated in signal transduction, gene

expression and other nuclear functions. Through these substrates CKII

mediates a number of key biological functions, such as RNA synthesis, Wnt

signaling, ubiquitination, and cell survival (89).

Studies have found that MEF2C is phosphorylated by casein kinase-Il

at serine 59, which falls between the MEF2 and MADS domain (Figure

3X49). The phosphorylation of MEF2C by CKII induces an increase in



MEF2 DNA binding to sites in the MCK promoter (high affinity site) as

well as g-MHC promoter (low affinity sites). An increase in MEF2 DNIA

binding enhances its transcriptional activity possibly through a mechanism

whereby phosphorylation of serine 59 induces a conformational change in

rhe MEF2 DNA-binding domain that favors interaction with DNA (49).

This increase in binding activity has been shown to be due to

phosphorylation because it can be reversed by expressing a mutant MEF2

(with serine 59 mutated to cystine) in cells or by treatment of cells with calf

intestinal alkaline phosphatase, which would reduce overall phosphorylation

(4e)

1.2.7 Activation of MEF2 by calcium si8naline

Calcium signaling is important for development and proliferation ur

neuronal, muscle and r ce[s. calcium can activate calvl calmodulin-

dependent kinase, calcineurin, PI3-K and p38 MAPK signaling pathways to

initiate mechanisms by which cells can react to environmental stimuli.

Recent studies have implicated MEF2 as a transcriptional effector of

calcium signating pathways that promote neuronal survival (68), control

muscle differentiation and induce apoptosis in T cells.
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calcineurin is a calcium and calmodulin-dependent serine/threonine

phosphatase that is activated by the binding of calcium and calmodulin' and

is involved in many cellular processes including neuronal excitability (90)'

The main substrate of calcineurin is nuclear factor of activated T cell

0IFAT), a transcription factor, which translocates to the nucleus in response

to dephosphorylation by calcineurin to activate gene expression (90' 92)'

However, recent studies have demonstrated that MEF2 factors are also

downstream targets of calcineurin in differentiating myoblasts, neurons and

T cells (93).

iì Differentiating muscle cells

The influx of extracellular calcium signals are required for myogenin

expression. Drugs that specifically inhibit calcineurin partially inhibit

myogeninexpressionnC2Cl2cells(94).Conversely,ifcalcineurinis

activated n c2cr2 cells by expression of carcineurin AA (constitutively

active) MEF2-dependent myogenin expression is increased' calcineurin

also up-regutates slow or oxidative fiber-selective gene promoters in skeletal

myocytes rhrough activation of MEF2 with no change in DNA binding (95)'
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ii) Neurons

Calcium signals in cultured rat cerebellar g¡anule neurons regulate the

function of Mef2A through calcineurin. Inhibition of calcineurin and KCI

withdrawl led to the hyper-phosphorytation of the MEFA protein, which was

associated with an inhibition if MEF2A DNA binding activity and reduced

MEF2-dependent reporter gene activity (68). The decrease in MEF2-

dependent gene expression was associated with an increase in neuronal

apoptosis. In contrast, calcineurin stimutation increased MEF2A DNA

binding and transcriptional activity of a CAT reporter gene by

dephosphoryatíon of MEF2A. This may potentiate expression of anti-

apoptotic MEF2 target genes, but none have been identified to date'

iii) T-cells

orphan steroid receptors including Nur77 and have been identified as

crucial mediators of T-cell receptor-induced apoptosis through calcium

signaling. The calcium-regulated elements in the Nur77 promoter are

consensus sites for MEF2, implicating that MEF2 ptays a role in the

induction of apoptosis of T-cells (Figure 5). In these cells MEF2 is bound to
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Cabinl, which affects the transcriptional activity of MEF2 (not DNA

binding) because it is a repressor that recruits histone deacetylases (96)'

When T-ce1ls are stimulated by calcium, calmodulin (CaM) dissociates

cabinl from MEF2. calcium also activates calcineurin, which

dephosphoryIates NFAT allowing its translocation to the nucleus where it

increases its ability to bind and activate MEF2, inducing transcription of the

Nur77 receptor (97). This effect is opposite to MEF2 signaling in neuronal

cells, where it is mainly anti-apoptotic in nature, demonstrating that MEF2

signaling is cell-tYPe sPecific'

1.2.8 Co-modulators that regulate NßF2 transcriptional activitv

Histone acetylation and deacetylation are known to play critical roles

in chromatin remodeling and gene expression. The enzymes that carry out

these frrnctions are called histone acetylases ftIATs) and histone

deacetylases ftIDACs) respectively. co-activators of ffanscription are

associated with transcriptionally active regions of the genome' such as

p300/cBP, which possesses intrinsic HAT activity' HATs acetylate histone

tails, retaxing chromatin by weakening the electrostatic interactions between

the positively charged histone tails and negatively charged DNA (93' 98)'
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Figure 5. Calcium signaling in T-cells mediates apoptosis through N
transactivation. Two pathways are activated by calcium in T-cells to

signaling in T-cells mediates apoptosis through MEF2

increase the transcription of the Nur77 receptor, which induces apoptosis

when expressed. Calcineurin is activated, which dephosphorylates NFAT to
allow its translocation to the nucleus where it can bind to MEF2 to increase

transcription of Nur77. Also CaMKIVIII are activated, which dissociates

the repressor Cabin 1 from MEF2, activating Nur77 transcription.

Nur77
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Co-repressors

deacetylating

condensation.

recruit histone deacetylases, which repress transcription by

the N-terminal tails of core histones resulting in chromatin

1.2.8.1 Co-repressors involvedl in repression of MEF2 activiw

il Histone deacetvlases (-HDACS) mediated by ca2+/calmodulin (caN4)

The mammalian deacetylases belongs to a super-family of

evolutionary conserved enzymes, which include HDAC1-7 (9S)' An 18 aa

segment near the amino termini of HDAC4 and -5 (class II histone

deacetylases that cær deacetylate all four core histones) were found to

complex with MEFZ A, -c and -D n 293T celts and this interaction

conferred repression of MEF2 transcriptional activity of a reporter gene (99)'

Furthermore, this interaction occurs spanning the junction between the n-

rerminal MADS/\4EF2 domain of MEF2 (amino acids 39-72) and residues

155-220 ofHDAC4 and-5 (98, 100, 101)'

HDAC4 expression has been reported to be the highest in skeletal

muscle and brain (102), therefore suggesting that HDAC4 may play a role in

MEF2-dependent regulation of differentiation (9S). MEF2 translocation to

39



the nucleus depends on a c-terminus 13 aa nucle at local:g,ation signal' which

is also required for efficient nuclear localization of HDAC4 in muscle cells'

Transfected HDAC4 is largely cytoplasmic but when co-transfected with

MEF2A or -C causes it to accumulate in the nucleus (103).

In cardiomyocytes, hypertrophic growth in response to serum can

stimulate MEF2 trancriptional activity through CaMK and MAPK pathways

(99). CaMKIV has been found to activate MEF2 in cardiac hypertrophic

heart in vivo (2. through overcoming HDAC-mediated repression by

dissociating HDACs from MEF2 (Figure 6). The MEF2 binding domain of

HDAC overlaps a calcium-dependent CaMK binding domain that has a

stronger affinity for HDAC (gg). caMK also stimulates nuclear export of

HDAC5 by phosphorylating Ser-259 and Ser-498 and the 14-3-3 binds to

these phosphorylated residues and causes nuclear export and therefore

another mechanism by which CaMK reduces the amount of HDAC available

to bind to MEF2 (104, 105). caMK and MKK6 signaling were found to

synergistically activate MEF2-dependent transcription (99), demonstrating

that both pathways are necessary for optimal MEF2 trans-activation. In

muscle celts inhibiting CaMKs can partially inhibit myogenin expression

(94). It has been found that calvlKl and IV signaling can overcome HDAC-

mediated repression of muscle gene expression stimulated by IGF signaling.
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Figure 6. CaMK activates MEF2-dependent gene transcription by
dissociating class II histone deacetylases (HDACs) from MEF2. CaMK also
phosphoryalates HDAC creating a docking site for 14-3-3 proteins that
stimulate nuclear export of HDACs.
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Concurrently, the acetylation states of the myogenin promoter was

significantly higher in differentiated myotubes compared to myoblasts and

therefore establishing that CaMK reduces the activity of HDACs to induce

myogenesis (106). Furthermore, HDAC4 and -5 also inhibit myogenesis in

l0Tll2 fîbroblasts through binding to MEF2, which is abolished when the

MEF2 binding region is mutated (106). HDAC4 and -5 were also found to

associate with 14-3-3 chaperone proteins. In unstimulated mammalian cells,

14-3-3 efficiently associates with HDAC4, but not HDAC5 (104). CaMK

signaling promotes binding of 14-3-3 to HDAC5, and this binding appears to

be required for CaMK-dependent disruption of MEF2-HDAC complexes,

and can also affect myogenesis in differentiating myoblasts (Figure 6X104"

107).

ii) Other co-repressors

Other repressors for MEF2 transcriptional activity have been

identified, such as Dermo-l, which is a bHLH protein that inhibits

transactivational activity of MEF2 by histone deacetylation (108). MITR

(MEF2-interacting transcriptional repressor)is another repressor that binds

MEF2 and recruits class II histone deacetylases (109). Finally, Cabin 1 is a
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calcium dependant repressor of MEF2 in T-cells that recruits mSin3 and

histone deacetylases and it competes with p300 for binding to MEF2 (110).

1.2.8.2 Co-activators involved in the repression of MEF2 activity

P300 and CBP are co-activators that are expressed in muscle cells and

enhance MEF2c-dependent transactivation ¿ìs well as MyoD-dependent

transactivation of muscle specif,rc genes including myogenin (111). They

directly associate with the amino-terminal activation domain of MyoD (111)

and the MADS domain of MEF2 and has been found to compete with

HDAC4 for the binding to MEF2 (100). These studies implicate that p300,

may promote myogenic differentiation by initiating transcription of Mef2

and MyoD responsive genes.

1.2.9 Caspase-mediated deeredation of MEF2

MEF2 has been found to regulate neuronal survival and development

(53,65,66). MEF2C is expressed in the post-mitotic differentiating cerebral

cortical neurons and is required for the survival of these neurons (ll2).

MEF2A and MEF2D have also been found to be pro-survival factors with
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high DNA binding and transcriptional activity in post-mitotic cerebellar

granule neurons (112). These neurons survive by a depolarization-

dependent mechanism; therefore lowering extracellular potassium induces

phosphorylation of MEF2A and MEF2D, which leads to apoptosis. The

stress-induced phosphorylation of MEF2 induces cleavage of MEF2 by a

c¿ìsp¿Ne-sensitive pathway to N-terminal MEF2 fragments that lack the

transactivation domain. These fragments were purif,red and it was found that

MEF2A was cleaved by caspase-3, -6, -"/ and -8; MEF2C by caspase-3 and

1; and MEF2D by caspase-7 at specific residues (Figure 7X113). These

fragments act as dominant-inactive transcription factors and are suffìcient to

block the pro-survival effects of MEF2A and MEF2D and induce apoptosis

in mature cerebellar granule neurons (Il2).

NMDA stimulation activates neuronal caspase-3 and caspase-7 in

cerebrocortical neurons, which cleaves MEF2 and induced apoptosis (113).

The cleavage of MEF2 was also observed in vivo within 3 hours of the onset

of insult in a mouse model of focal middle cerebral artery

ischemia/reperfusion (113). This cleavage disrupts the normal pro-survival

effects of the p38/lvfEF2 pathway and contributes to neuronal cells death.
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Figure 7. Stress-induced phosphorylation of MEF2 family members in
neuronal cells leads to cleavage of MEF2 by a caspase-sensitive pathway.
MEF2A, -C and -D are cleaved differentially by caspases 3,6,7 and 8 within
their transactivation domains creating N-terminal MEF2 fragments that can
act as dominant negative transcription factors. The position of the cleavage
sites and specific cÍrsp¿ßes are indicated by the bottom and top numbers
respectively.
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2.0 RESE.ARCTI ATMS AhID H)'I'OTHESIS

Alzheimer amyloid precursor proteins (APPs) are conserved and

diversely expressed across mammalian species, and mutations in these

proteins are linked to familial Alzheimer's disease (FAD) This suggests

APP has an important role in the central nervous system. Wild-fype APP

(hAPP695wt) has been demonstrated to effectively protect against apoptosis

in neuronal cells through activating signaling pathways, but the mechanisms

of this anti-apoptotic effect remains largely unknown.

Stress activated transcription factors function as critical molecular

switches between life and death, and as such play important roles in the

aberrant induction of apoptosis in largely irreplaceable cells such as neurons.

In this study, we focused on the myocyte enhancer factor 2 (MEFZ} a

transcription factor that has an anti-apoptotic effect on differentiating

neuronal cells and has recently been shown to be necessary for neurogenesis

and activity dependent neuronal survival. There are several pathways

known to mediate anti-apoptotic MEF2-dependent transcriptional activity in

neuronal cells. These include the p38 MAPK and calcium calmodulin-

dependent protein kinase (Cal\4K) pathway. This sfudy investigated the

possibility that the anti-apoptotic signaling of APP is mediated in part

46



Y

through activation of p38 or CaMK

transcriptional activity of MEF2 and

neuronal cells.

signaling pathways to induce the

lead to inhibition of apoptosis in
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3.0 MATERTALS

3.1 Reaeents and chemicals

All chemicals and solvents were of reagent or analytical grade, and

were obtained from one of the following sources: Amersham Pharmacia

Biotech @aie d'Urfe, PQ), Bio-Rad Laboratories (lt4ississauga, ON),

Boehringer-Manheim (-aval, PQ), Fisher ScientifÏc (Edmonton AB), Gibco-

BRL @urlingfon, ON), Sigma-Aldrich (Oakville, ON), VWR Canlab

(lr4ississauga, ON).

Neurobasal-A medium, calf serum, G418, N-2 supplement and other

cell culture products were obtained from Gibco-BRL @urlington, oN). The

pharmacological inhibitor SB 202190 hydrochloride (SB) specific for p38

MApK was from Calbiochem (San Diego, CA). The calcium/calmodulin

kinase II (CaMKII) specific inhibitor, KN-93, calf intestinal alkaline

phosphatase (CIAP), staurosporine (STS), Hoechst 33258, monoclonal anti-

CaMKII antibody and calcium phosphate DNA transfection reagents were

purchased from sigma-Aldrich (oakvitle, oN). Digoxigenin @IG) DNA gel

shift kit and in sltz DNA apoptosis detection kits were from Boehringer

Mannheim (Laval, PQ). Thp chloramphenicol acetyltransferase (CAT)
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reporter assay kit and B-galactosidase (P-Gal) enzyme assay system was

frorn promega (lt4adison WI). The MEF2 consensus wild type and mutant

DNA burding site double stranded oligonucleotides w¿ts purchased from

Santa Cruz Biotechnology (Santa Cruz, CA) [t-"p] was purchased from

NEN Life Sciences (GuelPh, ON)-

3.2 Antibodies

The rabbit polyclonal anti-phospho-p38 MAPK, p38 MAPK antibody

sampler kit and rabbit polyclonal anti-histone deacetylase antibodies were

purchased from Celt Signaling Technology (Ì'IEB) (Mississaug4 ON), rabbit

polyclonal anti-MEF2 antibody (C-}T), anti-IgG secondary antibody and

goat polyclonal anti-APP antibody (C-20) w¿ts from Santa Cruz

Biotechnology (Santa Ctuz, CA). The anti-mouse and anti-rabbit

fluorescence conjugate secondary antibody were purchaced from Amersham

Pharmacia @ai d'Urfe, PQ).
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3.3 Expression vectors and reporter constructs

A plasmid encoding the Þ-gal gene under control of the sv40 early

promoter and enhancer, pSVB Gal was purchased from Promega (Madison

WD. Plasmids encoding wild-type human APP6e5 (hAPPwt) and familial

Alzheimer disease (FAD) associated V642F substitution (hAPPmuÐ [25],

was kindly provided by Dr. Lennart Mucke. The plasmid pSV2neo was from

Clontech (Scarborough, ON) The MEF2A wild type plasmid, (pMT2

hMEF2A), MEF2A dominant negative @N) plasmid, (pcDNA 1-131)

encoding the first 1-131 N-terminal amino acids, DNA binding.domain, but

lacking the carboxyl-terminal trans-activation domain of MEF2A (amino

acids L32-507 deleted), were kindly provided by Dr. John C. Mcdermott-

The MEF2A DN plasmid was tagged with GST fusion protein to ascertain

its expression in transfected cell lines. The MEF2A DN plasmid is capable

of binding specifrcally to the MEFZ cis-element and can abrogate ffans-

activation by MEF2wt t261. The plasmid pcDNA3.l (Invitrogen, Hornby

ON) was used in co-transfections with plasmids lacking marker genes. The

MEF2 CAT reporter expression plasmid þMRE2wt-CAT) consisted of the

CAT reporter gene driven by two copies of MEF2 consensus wild-type
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binding sites upstream of the minimal thymidine kinase (TK) promoter, was

kindly provided by Dr. Micheal E. Greenberg.

3.4 Equipment

The following equipment was used for the experimental methods

carried out in this study: Biochrom Novaspec II spectrophotometer, Fisher

Scientific Accumet Basic pH meter, Mettler Toledo 4G104 balance,

Eppendorf 5317C centrifuge, IEC Centra CL3R centrifuge, Beckman J2-HS

cenffifu ge, Beckman TL- I 00 ultracentrifu ge, Beckman LS6500 scintillation

counter, E-C apparatus corporation EC250-90 power supply, vwR

S cientific 23 00 incubator, Bio-Rad Mini-PROTEAN3 gel electrophoresis

equipment, Bio-Rad PROTEAN II xi electrophoresis equipment, Bio-Rad

Trans Blot elecfophoretic transfer apparatus, Coulter 2169 flow cytometer,

Zeiss LSM5 Pascal fluorescence microscope and Pentæ< TX100 35mm

Camera.
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4.0 EXPBRTMENTAL METHOI}S

Bl03cetlslackingexpressíonofendogenousAPPandAPP.like

proteins(40)werekindtyprovidedbyDr.LennartMucke,andwere

maintained in Dulbeco's modified Eagles Medium containing 10% fetal

bovine serum and 57o horse serum at 37oC in a 5o/o CO2 humidified

atmosphere. After transfections in the undifferentiated state' cells were

washed with serum free medium and cultured in Neurobasal A- medium

containing N-2 supplement for differentiation as described previously (40)'

The N-2 supplement is an optimized serum substitute currently used

routinely for the long-term growth and survival of primary neurons and

differentiated neuroblastomas, without the need for exogenous growth

factors. After 72 h, cytosine arabinoside (10 FM) w¿ts also added to

differentiating cultures to timit the growth of undifferentiated cells.

Differentiated 8103 cells were exposed to 5 pM srs for 5 h (srs was

diluted in differentiation medium), or 5 FM KN-93 or 2-5 pM sB for

specified periods. Both KN-93 (specific caMK inhibitor) and SB (specific

p38 MAPK inhibitor) were diluted in dimethyl sulfoxide @MSO) as the
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carrier solvent

differentiated

specified.

(vehicle). In this study, all experiments were performed on

8103 cells under the above conditions, unless othenvise

4.2 Measurement of ir¿ vlrro c]¡totoxicity

The in vitro toxicology assay kit, based on the reduction of 3-[4,5-

dimentylth íazol-Z-yll -2-5 -diphenyl tetrazolium bromide (MTT) to purple

formazan by mitochondrial dehydrogen¿ìse activity, was used to determine

cell survival in a colorimetric assay according to the manufacturer's

instruction, Sigma-Aldrich (Oakvilte, ON). Cells were seeded in individual

wells, 2 x l¡a cells in 100p1 of medium in each well, and cultured for 2 days

at 37oC. The medium was then replaced with test medium under specified

conditions. Microtitre plates containing 96 wells were cultured at

appropriate time intervals after which the viability of the cells were

determined by the MTT assay. Briefly, a stock solution of MTT (5 mg/ml)

was added to ttre wells containing celts at 0.5 mg/ml, after first removing

additives and medium. The plates were then incubated for 3 h at 37oC n 5%

COz. Fifff microlitres of liquid was aspirated, leaving a total volume of

50pt in each welt. The MTT formazan formed was solublltzed by propanol.
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The absorbency at 560 nm was measured and background values subtracted

before conversion to percentage values relative to controls.

4.3 Western Blotting

Differentiated 8103 cells under appropriate conditions were

harvested, washed in chilled phosphate buffered saline (PBS) pH 7.4,

resuspended in lysis buffer containng 20 mM Hepes, pH 7.4, 100 mM

NaCl, 100 mM NaF, 1 mM sodium orthovanadate,5 mM EDTA,0'lo/o

Triton x-100, and protease inhibitor cocktail (1 mM PMSF, 10 pdml

aprotinin, 10 ¡rglml leupeptin, 10 pglml pepstatin). Lysates were centrifuged

at 10,000 g for 5 min at 40C. The resulting supernatant was collected and

the total protein concentration was determined by using the micro

bicinchoninic acid (BCA) assay (Pierce, Rockford I1). Samples were boiled

for 3 min in SDS sample buffer (62.5 mM Tris HCl, pH 6.8, zyo SDS, l0o/o

glycerol, 50 mM DTT and 0.lo/o vlv bromophenol blue). The protein

samples were fractionated by SDS-PAGE with the use of l5o/o acrylamide

gel, and the separated proteins were ftansferred to nitrocellulose membranes.

Membranes were incubated in 20 mM Tris-buffered saline, pH7.6,0.2o/o vlv

Tween 20 (TBS-T) with 5o/o wlv non-fat dried milk for t h, washed in TBS-
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T (3 x 5 min), and incubated for 1 h with primary antibody in TBS-T

containin g \%milk at room temperature for non -phosphospecifîc antibodies

and overnight at 4oC for phosphospecific antibodies' The following

dilutions were used for individual antibodies against different proteins: APP

(1:1000);HDAC5(1:1000);MEF2(1'200);CaMKII(1:1000);p38MAPK

(1:1000); and phospho-p38 MAPK (1:1000). After turther washes in TBS-

T, membranes were incubated for t h with horseradish peroxidase-linked

anti-IgG secondary antibody. The immunoreactive protein bands were

detected by enhanced chemiluminescence @'CL) (Amersham Pharmacia

Baie d'Urfe PQ) as described by the supplier. Quantitative analysis of

protein levels was performed by densitometric scanning of the

autoradiograms with the Bio-Rad quantity one software, and each protein

blot is representative of at least three independent experiments' The identity

of the phosphorylated form of MEF2 was determined by incubating protein

extracts that are diluted in alkatine phosphatase buffer (1 M

Diethylenetriaminepenta acetic acid, 0.5 mM MgCl2, pH 9.8) (10X), with 3

units of calf intestinal alkaline phosphatase (AP) for 15 min at 30oC,

followed by Western blot analysis'
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4.4 lmmunostaining

Cells plated on cover glass slides were allowed to differentiate in

serum free N-2 supplemented Neurobasal A- medium for at least 72 h. The

cell culture medium was aspirated and cells washed with cold PBS with Ca2*

and Mg2* (3 times). Cells were fixed for 15 min in 4%o paraformaldehyde at

4oC and then blocked with 5% goat serum in PBS, washed with cold PBS

once, permeabilized in PBS containing 0.1% Triton X-100 for 15 min at

4oC. Following th¡ee washes in PBS, cells were incubated with primary

antibodies (anti-APP, and anti-MEF2) diluted in PBS containing 1% BSA

for 2 h at room temperature. After three washes in PBS, cells were incubated

with goat anti-mouse or anti-rabbit fluorescence conjugate secondary

antibody (1:200) (Amersham Pharmaci4 Baie d'Urfe PQ) for indirect

immunofluorescence analysis and washed in cold PBS. For nuclear staining,

cells were incubated with 20 pglml of Hoechst 33258 dye in PBS for 5 min,

washed and mounted with Prolong anti-fade (lr4olecular Probes, Eugene

OR). lmages were collected with a Zeiss epifluorescence microscope.

56



4.5 lmage analvsis

Images were collected with Zeiss epifluorescence microscope

equipped with a charge couple camera device, and Adobe Photoshop was

used for presentation of the images. lmage processing and quantification of

nuclear fluorescence was carried out using the Image Pro Plus softwa¡e

(lr4edia Cybemetics, USA). MEF2-positive and negative nuclei (after

subtraction of the background) were then counted in several randomly

selected f,relds from at least three different coverslips (>300 cells).

lnvestigators were blinded to the fypes of cell cultures, STS treatments and

transfections that were performed. To analyze the images, nuclear area of

randomly selected control cells (untreated) was calculated fiom the

segmented Hoechst image. This a¡ea with Hoechst image was defined as

representing a cell. A segmentation area from the cell with minimal FITC

intensity will then be reduced until a pixel with zero intensity was achieved.

This wæ considered to be the background sigral for MEF2 staining and was

subtracted from all FITC images def,rned within the average nuclear area.

FITC value of 0.0 thus denotes negative MEF2 fluorescence and value more

than I represents a positive MEF2 imrnunoreactivity. These values were

only integrated, if the MEF2 image was within the defned nuclear area of



Hoechst image. This was necessary to remove bias of different intensity of

partial or predominantly MEF2 immuno stained nuclei. Negative FITC

indicate loci that appear to be located outside of the visible limits of the

Hoechst image due to improperly defined cells. In practice, because of

variation in actual nuclear sizes, values of FITC were normalized using

spatial coordinates. To assess the reproducibility of this method of analysis,

the same set of 50 images, were analyzed independently by tr'vo different

observers. This image analysis took into consideration both the number of

nuclei, MEF2 positive nuclei and FITC intensity (MEF2 immunoreactivity)

per nuclei above background levels. The results that were tested by one-way

analysis of væiation, showed that the component of variance between the

inter territory position ofFITC values in nuclei of different transfected cell

populations was not signifltcantly greater than the variance between intra

tenitory positions within each transfected cell type.

4.6 o38 MAPK activitv assay

p38 MAP kinæe activity was measured using the non-radioactive

immunoprecipitation p38 MAPK assay reagents, according to the supplier's

instruction. Briefly, the cell pellets were resuspended in lysis buffer (20 mM
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Tris, pH 7.5, 150 mM NaCl, I mM EDTA, 1 mM EGTA, l%o Triton,2.5

mM sodium pyrophosphate, I mM 3-glycerolphosphate, I mM Na2POa, I

pglml Leupeptin), and then 200 pg of total protein was immunoprecipitated

with 20 ¡rl of resuspended anti-p38 MAPK antibody conjugated to protein A.

The immunoprecipitates were washed thoroughly with lysis buffer and then

with kinase reaction buffer (25 mM Tris, pH 7.5, 5 mM 3-

glycerolphosphate, 2 mM DTT, 0.1 mM NazPO¿, l0 mM MgCþ). The

kinase reaction was assayed by incubating the immunoprecipitate in kinase

reaction buffer supplemented with 200 pM ATP and 2 ¡tg GST-ATF2

(codons 19-96) fusion protein for 30 min at 30oC. The reaction was

terminated with 25 pl of 3 x SDS sample buffer, boiled for 5 min, vortexed,

and then centrifuged for 2 min. The reaction products were separated by

SDS-PAGE on a l2%o gel and blotted onto nitrocellulose membrane. The

extent of phosphorylation of ATF-2 at Thr 71 was measured by Western

blotting using a phospho-ATF-2 (Tbr 7l) specific antibody, while control for

loading of total protein was meæured by reprobing the filter with anti-p38

MAPK antibody.



4.7 CaMKinase Il activitv assav

CaMKII activity was determined by using the CaMKII assay kit

(Upstate Biotechnology, Lake Placid NY) according to the supplier's

instructions. The assay kit is designed to measure the phosphotransferase

activity of CaMKII in crude cell lysate and is based on the phosphorylation

of the specific substrate peptide (KKALRRQETVDAI) by the transfer of y-

phosphate of ATP by CaMKII. Briefly, cell lysates (200 ¡tg of total protein)

were added to 10 pl inhibitor cocktail (This cocktail blocks the activity of

other serine/threonine kinases such as PKA and fKC;, ¡y-32llATP (3000

Cilmmot) diluted to 1 ¡rCi/pl with Mg2*/ATP mixhrre and incubated for 10

min at 30oC. 25 ¡tl of reaction aliquots were spotted onto P81

phosphocellulose paper to separate the phosphorylated substrate from the

residual ¡1 -32t1Ate. The assay square papers were washed tlrree times with

phosphoric acid(0.75%), and once with acetone. The cellulose papers were

then transferred to a scintillation vial with scintillation cocktail and read in a

scintillation counter. The specific activity of CaMKII was calculated as pmol

of phosphate incorporated into CaMKII substrate peptide/min/l pg of

enzyme.
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4.8 Preoaration of nuclear extract

Cellular protein extracts under the appropriate conditions were

prepared using the Nu-clea¡ Extraction Reagents (Sigma-Aldrich, Oakvitle

OlrI) based on methods described previously (1 14). All the steps in this

procedure were carried out at 2-4oC. Using pre-cooled buffers after the

indicated times, cells were harvested with 0.3% trypsin phosphate buffered

saline, centrifuged at 450 g for 5 min. The packed cell volume @CV) was

estimated. 500 pl (5 x PCV) of lysis butter (100 mM Hepes, pH 7.9, 1.5

mM MgClz, 100 mM KCI) and DTT (0.1 mlvÐ was added to 100 pl of

packed cells. The cell pellet was gently resuspended in this lysis buffer,

taking care to avoid foaming and incubated on ice for 15 min. Thirty-six pl

of I0o/o IgePal CA-360 was added to the swollen cells in Lysis buffer, to a

final concentration of 0.6% and vortexed vigorously for 10 sec. This wæ

followed by centrifugation for 30 sec at 11,000 & and the resulting

supematant transfened to a fresh tube. This fraction is the cytoplasmic

lysate. Meanwhile, I pl of 0. I M DTT and I ¡rl of protease inhibitor cocktail

were added to 98 trl of high salt nucleæ extraction buffer (20 mM I{EPES,

ph 7.9, l0 mM MgClz, 0.42 M NaCl, 0.2 mM EDTA, 25%;o vlv glycerol).

The resulta¡rt crude nuclei pellet was resuspended in 70 pl (2/3 x PCV) of
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the above extraction buffer. The tubes were placed on a vortex mixer and

agitated at medium speed for 30 min, centrifuged for 4 min at 21,000 g. The

resulting supematants (nuclear extracts) were snap-frozen as aliquots in

liquid N2 and stored at -70"C until ready. The extracts were quantified for

protein concentration by the BCA method.

4.9 MEF2 DNA bindine activity assav

Electrophoretic mobility shift assay @MSA) was perforined using

digoxigenin @IG) Gel Shift Kit @oehringer-Marìnheim, Laval PQ)

according to the manufacturer's instruction. The nuclear extracts from the

Bl03 hAPP wlmut or mock transfectants were washed and tested to avoid

contamination with cytoplasmic proteins. As the optimal MEF2 binding site

sequence (cls-element), a double-stranded consensus oligonucleotide

binding site for MEF2 nanscription factors: 5'- GAT CGC TçT¿A'{,AAT

AAC CCT GTC -3' (N4EF2 binding site underlined); for the control binding

site the conesponding MEF2 mutant binding site oligomer 5'-GAT CGC

TGT AAA gAT AAC CCT GTC -3'(C + G and A + C substitutions

underlined) was used. Both MEF2 wt and mutant oligomers were purchased

from Santa Cruz biotech (Santa Cruz, CA). The oligomers were DIG 3'-end



labeled with terminal transferase in a hnal volume of 20 pl containing 4 pl

labeling buffer (5 x concentration), 4 ¡rl CoCiz solution, I ¡rl amealed

oligonucleotide (100 ngll), I ¡rl DIG-Il-ddUTP and I ¡rl terminal transferase

and incubated for 15 min af 31"C. A typical binding reaction contains 10 ¡rg

of nuclear protein, 0.3 ng of DIG labeled probe, 1 pl of deoxyinosine-

deoxycytidine (dIdC) in 25 pl total volume. Samples were incubated for 15

min at room temperature. The protein-DNA complexes were analyzed on a

7o/onaÍive (non-denaturing) polyacrylamide gels containing 3% glycerol and

0.25 x TBE (1.0 M Tris borate, 1 mM EDTA) in cold-room. After

electrophoresis, the gels were transferred on to positively charged nylon

membranes by contact blotting, followed by UV cross-linking of protein-

DNA complexes onto the nylon membranes. The blotted membranes were

processed for chemiluminescent detection and exposed to X-ray f,tlrn.

4. 10 Stable tranfections

Bl03 rat neuroblastoma cells were plated in a 10 cm dish at a density

of 2 x l}s, 24 h before transfection. Then 25 pg of the hAPPwlmut

expression vector (pCMV hAPP695wtimut) and I pg of the neomycin

resistant gene expression vector (pSVneo/pcDNA3'l) were co-ffansfected
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by calcium phosphate precipitation, according to the supplier's instructions

(Sigma-Aldrich, Oakville ON). In mock transfections, only the neomycin

resistant gene expression vectors (without cDNA inserts for APPAvÍEF2A)

were used. After 72 h, the cells were trypsinized and seeded onto tissue

culture dishes (at 1:10 dilution). The transfected cells were selected by

exposure to 400 pglml G4l8-containing medium. The selection medium was

changed every 3 days. Expression levels ofhAPP in stably transfected 8103

cell lines were ascertained by Western blot analysis. For the establishment of

8103 hAPPwlmut cells stably expressing MEF2A wlDN, hAPPwt/mut

cells were transfected with 24 pg of an expression vector encoding

MEF2Awt (pcDNA MEF2A) or MEF2A DN construct (pcDNA-l3l). The

transfected cells were selected by exposure to 400 pglml G418. Stable

clones expressing the MEF2A wl DN were ascertained by western blot

analyses.

4. 1 I Transient transfections and reporter gene expression assays

Bl03 hAPPwt/mut and mock (vector only) stable cell lines were

transiently transfected by the calcium phosphate precipitation method. For

transfection experiments, the stable cell lines were seeded at a density of 2.5
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x 105 cells in six well plates a day in advance. Transfections were performed

in triplicate witli 5 pg of MEF2 x 2 DNA binding sites (2 copies) CAT

reporter gene and lpg of pSVB-Gal as an internal control for transfection

efficiency. Cells were kept in normal culture media for at least 24 hours

before being transferred into differentiation medium for another 48 hours.

Finally, cells were washed with PBS, pH 7.4 and resuspended in reporter

lysis buffer. The activities of p-galactosidase were measured using the B-Gal

enzyme assay system @romeg4 Madison WI) with o-nitrophenyl-B-D-

galactopyranoside as the substrate. The cell exffacts were incubated at 60.C

for 10 min to inactivate endogenous deacetylase activity. CAT assays were

performed using the CAT assay kit containing n-butyryl as substrate,

according to the manufacturer's instructions (Promega, Madison WI) based

on the method described previously (115). The butyrylated and non-

butyrlyated chloramphenicol were separated by thin layer chromatography

(TLC) and the their optical densities measured and were also quantihed by

liquid scintillation counting. The CAT activities were normalized to the

conesponding p-gal activity.
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4. 12 Apoptotic assays

Apoptosis induced by 5 pM staurosporine for 5 hours in 8103 stabte

lransfectants were assessed by nuclear fragmentation using the cell death

detection kit, according to the supplier's instruction. @oehringer Man¡heim,

Laval PQ). Nuclear fiagmentation was detected by in situ labeling with the

terminal deoxynucleotidyl transferase mediated UTP-end labeting (TUNEL)

assay. Briefly, cells in 6 well plates were fixed with 4o/o freshly prepared

paraformaldehyde solution in PBS for 30 min at room temperature. Fixative

was removed and cells were washed once with PBS and incubated with

fluorescein labeled dUTP and terminal deoxynucleotidyl transferase for 60

min at 37oC in a humidified atmosphere in the dark. After three rinses with

PBS, cells were resuspended in PBS to a final volume of 800 pl and

analyzed by flow cytometry to determine the percentage of apoptotic cells.

4. 13 Statistical analyses

Data were analyzed using the Stat View J5.0 software. Non-

parametric Friedman analysis of variance for related samples was used to

evaluate differences between sample repetitions within each transfected c€ll
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tine. Differences in nuclear MEF2 level before and after STS treatment for

different transfected cells were assessed by 12 tests for independent sarnples

using the average scores for control (mock transfected) and for each

individual transfected cell culture. The control cells were not different from

each other and, to minimize the number of comparisons, data from the

control cells were pooled for comparison with data from the transfected

cells. To conect for multiple comparisons, the experiment wise error was set

s : 0.05 and the comparison wise error at o': 0.06. Densitometry data of

Westem blots were analyzed, by ANOVA, followed by Fisher's post-hoc

tests for comparisons. Results are expressed as means * standard error of the

mean (SEM), and values of ¡r indicate the number of independent

experiments. P < 0.05 was considered significant.
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5.0 RESULTS

5.1 Expression and distribution of wild t_vpe and mutant human APP in

stable transfected B103 cells

To assess the role of the myocyte enhancer lactor 2 (MEF2), a 59 kDa

protein, in the anti-apoptotic APP signaling, we transfected mock, wild type

and FAD-mutant human APP into rat neuroblastoma (8103) cells. These

cells are useful for comparing specific functions of wild type and mutant

hAPP without interference by rodent APP, because they lack expression of

endogenous APP and APP-like proteins. Wild type (MEF2A wt) and

dominant negative MEF2A (MEF2A Dl.l) were also expressed in these cells

to enhance and block endogenous MEF2-DNA hanscriptional activity

respectively, and how this affected anti-apoptotic APP signaling. Bl03 cells

share many typical neuronal properties with other commonly used APP-

expressing neuronal cell lines, including outgrowth of neurites upon

differentiatio4 synthesis of neurotransmitters, possession of

neurotransmitter receptors and electrical excitability of surface receptors

(116).
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B 103 cells were stably transfected with hAPPwt, hAPPmut or plasmid

containing the CIzfV promoter, but no cDNA insert (mock). Western blot

analysis was used to determine the expression levels of A?P, and the results

showed that APP expression levels in hAPPwt and hAPPmut expressing

cells were similar (Figure 8a). Mock-transfected cells did not show any APP

expression, serving as a negative control for the APP-deficient 8103 cells.

The endogenous expression of APP in human brain homogenate was used as

a positive control for the APP6e5 isoform. The exogenously expressed

hAPPwt and hAPPmut in these cells migrated with a similar molecular

weight (98-110 kDa) as the endogenously expressed APP6e5 in human brain

extract (Figure 8a). lndirect immunofluorescence analysis also showed that

hAPPwt and hAPPmut had a similar intracellular distribution pattem in

transfected Bl03 cells; APP immunoreactivity was detectable in the soma

and neurites but not in the nucleus (Figure 8b). This expression pattem

closely resembles the distribution of endogenous APP observed in

untransfected primary neurons (40). Furthermore no cytotoxicity was

associated with either wild type or mutant hAPP expression (Figure 8c).
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Figure 8. Stable expression of hAPPu¡t and hAPPmut in B103 cells. (a) Westem blot
analysis ofAPP expression in Bl03 cells transfected with hAPP695u/t (hAPAÀ/t), FAD-
hAPP6g5mut (hAPPmut), or plasmid containing the CMV promoter but no cDNA insert
(Mocþ. Positive control: human brain homogenate. APP was detected with anti-APP c-
terminus antibody that, cross reacts with human and rodent APP (b) Similar intracellular
distribution ofhAPPwt and hAPhnut after hansfection ofB 103 cells (epiflourescent images
of anti-APP c-terminus immunostaining; x 40). (c) Deter4gination of cell viability. Control
(unfransfected) and transfected cells were plated at 2.5 x 10' and cultured to 75olo confluency.
The extent of cell viability was measured by the MTT assay.
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These results suggest that, differentiated rat neuroblastoma 8103 cells may

be useful as a neuronal cell line for in vitro studies to manipulate the

expression of APP.

5.2 Expression of wild tl¿pe but not mutant hAPP differentially maintained

MEF2 in the ohosphorylated state.

As all MEF2 family members are highly expressed in the CNS, we

examined the expression levels of endogenous MEF2. Westem analysis

indicated that all four members of the N,{EF2 superfamily of transcription

factors were present in differentiated 8103 cells. However MEF2A and

MEF2C were highly expressed, whereas only minimal levels of MEF2B and

markedly reduced levels of MEF2D were observed. There were at least two

major species of MEF2 proteins detectable in these cells, the faster a¡rd

slower migrating bands at the expected molecular weight range for MEF2

proteins (56-60 kDa) (Figure 9a). To determine if hAPPwt or hAPPmut

expression affects the expression level of MEF2 proteins, we examined the

endogenous MEF2 expression levels by Western blot analysis of total cell

lysates exfacted from B103 cells transfected with mock, hAPPwt or

hAPPmut probed with an anti-MEF2 antibody (C-21) that is reactive with
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Figure 9. Characterization of MEF2 expression in 8103 cells.
(a) Cellular protein extracts from differentiated Bl03 cells were separated by SDS-
polyacrylamide gel electrophoresis (PAGE), and the immunoblots were probed with rabbit
polyclonal anti-bodies against the MEF2 family of transcription factors. (b) rühole cell
lysates were prepa¡ed from 8103 cells stably hansfecûed with hAPAvÇ hAPPmut and mock
plasmids. Protein extracts were separated by SDS-polyacrylamide gel electrophoresis and
immunoblots were probed with rabbit polyclonal anti-MEF2 antibody.
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MEF2A, -C, and -D. In these transfectants the two major migrating bands of

MEF2 were observed. However, there was a significant increase (P < 0.03,

¡i : 5) in the relative levels of the MEF2 slower migrating band of 9 + 0.2 in

hAPPwt compared with mock and hAPPmut expression with relative levels

of the MEF2 slower migrating band of 3 + 0.4 and 2.8 + 0.3 respectively. In

contrast, the relative levels of the MEF2 faster migrating species in hAPPwt

was markedly lower (by 3 fold) compared with mock and hAPPmut (Figure

9b). MEF2 has been previously determined to be post-translationally

modif,red by phosphorylation resulting in fwo major migrating species

(76,78), therefore, we tested the possibility ttrat the slower migrating band

was the phosphorylated form of MEF2. To this end, cellular protein extracts

from mock, hAPPwt, and hAPPmut cells were treated in vitro with calf

intestinal alkaline phosphatase (AP), which dephosphorylates proteins.

Treafment of cell lysates with AP reversed the mobility of MEF2 from slow

to fast migration without change in the molecular weights of the MEF2

species. The slower migrating band of MEF2 in mock, hAPPwt and

hAPPmut expressing cells disappeared after AP treatment, with a

conesponding increase in the levels of the faster migrating bands (Figure

10a). These data demonstrate that the two major species of MEF2 that are

visualized are largely, ifnot totally attributable to differential
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Figure 10. Phosphorylation state of total and nuclear MEF2 proteins in APhvt and APPmut
cells. (a) Western blot analysis of MEF2 in cell lysates. Lanes labeled AP represents the
treatment of protein extracts with calf intestinal alkaline phosphatase (AP). Double and
single arrows indicate the position of MEF2 before (-) and after (+) AP teatuent respectiveþ.
The identity of the slow migrating bands as the phoshorylated form of MEF2 was confirmed
by incubation of protein extracts with AP. Similar results were obtained in 4 independent
experiments for the Western blot analyses above. (b) Western blot analysis to illushate
MEF2 expression in nuclear extracts oftransfecûed B103 cells. Total MEF2 nuclear proteins
were analyzed by Westem blotting with a rabbit polyclonal anti-MEF2 antibody. Arrows
indicate the position ofthe two major migrating species of MEF2. The double arrow indicaæs
the unphosphorylated form of MEF2.



phosphorylation, and that the slower migrating band corresponds to the

phosphorylated species of MEF2. Because MEF2 is a transcription factor

tlrat affects gene expression (70,76,91), nuclear lysates were examined by

Westem analysis to determine the expression levels of MEF2. In the nuclear

lysate of hAPPwt expressing cells, MEF2 expression was predominantly in

the phosphorylated form compared with mock and hAPPmut (Figure 10b).

The relative levels of the phosphorylated form of MEF2 in nuclear extracts

of hAPPwt expressing cells was 6.9 + 0.5, compared with 1.6 + 0.4 in mock

and 1.8 + 0.2 in hAPPmut (Figure l1a). These results were consistent with

the expression patfem of MEF2 in total cell lysates of mock, hAPPwt a¡rd

hAPPmut (Figure 9b), suggesting that expression of hAPPwt mediated an

increase in the differential phosphorylation of MEF2 in differentiated Bl03

cells. To provide fi.rther evidence that the slower band of MEF2 is the

phosphorylated species, hAPPwt expressing cells were labeled in vivo wilh

[y32e]orthophosphate and 3sS-methionine. Nuclear extracts from equal

numbers of unlabeled and labeled hAPPwt cells were then

immunoprecipitated with a monoclonal antibody against MEF2, and the

radiolabeled, immunoprecipitated proteins were displayed by SDS-PAGE

analysis. The antibody precipitated one band not present in conüol

immunoprecipitations (Figure 1lb, lanes 2 au:rd3). Most importantly, this
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Figure 11. Relative levels of phosphorylated MEF2 immunoreactive bands. (a) This level
was calculated by dividing the chemiluminescence signal (optical density x area of the
phosphorylated MEF2 band) by the total chemiluminescence signal of MEF2 optical density
peaks and normalized to the level of HDAC 5. The error bars are + s.e.m, r4:5 (b) MEF2
is phosphorylated in vivo. In vitro translated 35S methionine labeled MEF2A is a márker for
unphosphorylated form of MEF2. .Extracts from equivalent numbers of hAPA¡¡t unlabeled
cells (lane 2) and biosynthetically "Plabeled ce[s (lane 3) and 3sS methionine labeled cells
(lane 4), were immunoprecipitated with anti-MEF2 antibody, and separated on 15% SDS-
PAGE. The molecular weight markers in kDa are indicated on the right.



band conesponded to the slower but not the faster migrating band of MEF2

immunoprecipitated from [35S] methionine labeled cells (Figure 1lb, lane 4),

and the faster migrating band of MEF2 conesponded to the molecular

weight of an in viÍro translated (unphosphorylated) MEF2 protein marker

(Figure llb, lane 1). This result conf,rms that the slower migrating band is

the phosphorylated form of MEF2. To control for equal loading of protein in

the Westem blots, we examined the levels of histone deacetylase (IIDAC

5), and there was no significant difference (P > 0.05, n : 4) in the

expression levels of HDAC 5 in mock, hAPPwt and hAPPmut cells,

suggesting that APP expression may not influence nuclear export of

HDACS.

5.3 Wild tvpe Alzheimer amyloid precursor protein induced phosphorylation

of MEF2 is dependent on the p38 MAP kinase simaling pathway.

Previous studies indicated that MEF2 proteins are a known substrate

of p38 MAPK (77,76). The similarities in the effects of APP and p38 MAPK

on MEF2 phosphorylation, suggest that APP may activate p38 MAPK

(phosphorylation of th¡eonine (Thr) and tyrosine (Tyr) amino acid residues

are required for the activation of p38 MAPK) to mediate MEF2



phosphorylation dependent transcriptional activífy. To test this possibility,

the phosphorylation state and activity of p38 MAPK was analyzed in mock,

hAPPwt and hAPPmut transfected cells and these cells were also grown in

the presence of p38 MAPK specific inhibitor, 58203580 (SB)(117) to

determine the pattem of MEF2 expression. Western analysis showed that the

relative expression levels of phospho-p38 MAPK (specific for

phosphorylation at Th¡ 180 and Tyr 182) in hAPPwt cells was 390 + l0 %

signif,rcantly increased (P < 0.03, n : 4) compared with 190 + 4% and 100%

for mock and hAPPmut expression respectively (Fig. l2ab). A signif,rcant

difference (P < 0.05, n : 4) was observed in the relative phospho-p38

MAPK expression levels between hAPPmut and mock transfected cells. As

phosphorylation of p38 MAPK parallels its activation, we measured the

activity of p38 MAPKinase by a p38 MAPK assay using ATF-2 as a

substate for phosphorylation. These results a¡e consistent with the phospho-

p38 MAPK results. The hAPPwt expressing cells had a relative p38 MAPK

activity of 285 * 8%o that was significantly increased (P < 0.05, n = 5)

compared to mock and hAPPmut with values of 100% a\d 140 + gyo

respectively (Fig. 13ab). If the APP induced phosphorylation of MEF2 is

dependent on p38 MAPK pathway, then one would expect that the
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Figure 12. Effects of wild type and mutant APP on the phosphorylation p38 MAPK. (a)
Bl0J cells stably transfected with hAPhryt, mut or mock expression vectors were groum
in differentiation medium and ha¡vested- A Westem blot analysis ofthe active form õfp38
MAPK þhospho-p38 MAPK) was performed by immunoblotting with an anti-phospho-
specific (Thr180Æyrl82) p38 MAPK antibody. The p38 MAPK lwels were detemrineä for
total protein loading control. (b) Relative phospho-p38 MAPK.levels were calculated by
dividing the sfismihrminescenc€ sipnal (optical density x area of the phosphorylated p38
MAPK band) by the total chemiluminescence signal ofphosphorylated and unphosphorylated
p38 MAPK optical density pak and the daø graphed. The error bars are * s.e.m, ¿ : 4.
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Figure 13. Effects of wild type and mutant APP on the activity of p38 MAPK. (a) Celt
lysates were prepared from each ofthe above cell populations and cell extracts (200 pg)
we¡e incubated with p38 MAPK antibody. The kinase reaction was performed in the presence
of2 pg ofGST-ATF-2 as subshate and 200 pM of cold ATP. Phosphorylation ofATF-2
atThrTl was measured by W'sûem blot using anti-specific phosphoAïF2 (Ihr71) antibody
as an extent of p38-MAPK activity.Total protein loading was contolled for by reprobing
the immunoblot with anti-p38MAPK antibody. (b) Relative p38 MAPK activities were
determi¡ed by dividing the chemiluminescetrce signal (optical densþ x area of the
phosphorylaæd ATF2 band) by tûe total chemiluminescence sþal ofp38 MAPK optical
density peak and the data graphed. The error ba¡s are + s.e.m, n : 5.
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phosphorylation state of MEF2 would diminish in the presence of the

specific inhibitor of p38 MAPK, SB. As expected, western blot analysis of

nuclear extracts showed that in the presence of SB, the phosphorylated form

of MEF2 (slower migrating band) was signif,rcantly decreased (P < 0.05, n =

5) in mock, hAPPwt and hAPPmut cells (Fig. 14ab) and this conesponded

to a parallel increase in the levels of the unphosphorylated (faster migrating

band) of MEF2. The levels of p38 MAPK and HDAC5 in nuclear extracts

fiom the transfected cells were not significantly different (P > 0.05, n: 5),

suggesting that in Bl03 cells, nuclear localization of p38 MAPK is not

affected by APP expression. These data demonstrate that hAPPwt signaling

induces phosphorylation dependent activation of p38 MAPK that leads to

phosphorylation of MEF2.

5.4 Wild Wpe Alzheimer amyloid nrecursor protein induced CaMKII

activif.v.

To further understand the mechanisms of how APP mediates

phosphorylation of MEF2, we examined the possibility that multiple

signaling pathways may be involved. ln previous studies,
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Figure 14. The effect ofp38 inhibitors on the phosphorylation state of MEF2. (a)
The levels of expression of the major migrating bands of MEF2 were determined in 8103
transfectants in the presence and absence ofthe specific p38 MAPK inhibitor 58202190
hydrochloride (SB). Bl03 transfectants were grown in the undifferentiated state and
transferred to serum free DMEM and cultu¡ed in Neurobasal A medium containing N-2
supplement for differentiation in the absence or presence of 2.5 ¡-rM SB for 72 hours. Total
MEF2 nuclear proteins were analyzed by Western blotting with rabbit polyclonal anti-MEF2
antibody. Arrows indicate the position of the two major species of MEF2 before (-) and
after (+) SB treaûnent. The slower migrating band (indicated by a single arrow) represents
the phosphorylated form of MEF2. The immuno blots were reprobed forp38 MAPK and
HDAC 5. (b) The relative level of phosphorylated MEF2 in the absence and presence of
SB was calculated by dividing the chemiluminescence signal (optical density x area ofof
the phosphorylated MEF2 band) by the total chemil',minescence signal of MEF2 optical
density and normalized to the level of p38 MAPK. The error bars are * s.e.m, n: 5. The
mol wt markers in kDa are indicated on the right.



calcium /calrnodulin-dependent protein kinase Il (CaMKII) activation has

been found to increase the transcriptional activity of MEF2 (97,99),

therefore we investigated the effect of APP expression on CaMKII

expression and activity, and if CaMKII activity may contribute to the

differential phosphorylation of MEF2. Westem blot analysis showed that

endogenous CaMKII and HDAC 5 expression levels in mock, hAPPwt and

hAPPmut ffansfected cells were not significantly different (P > 0.05, n : 5),

demonstrating that the expression of hAPPwl or hA?Pmut had no effect on

CaMKII expression levels (Figure 15a). To test whether APP expression

affects CaMKII activify, a CaMKII assay that measured the

phosphotransferase activify of CaMKII was performed. The CaMKII assay

showed a sigrificant increase (P < 0.001, n = 5) n CaMKII specific acfivity

of 102 + 3 in hAPPwt expressing cells compared with l0 * I and 12 L 2

CaMKII specific activity in mock and hAPPmut cells respectively. There

was no sigrificant difference (P > 0.05, r : 5) between CaMKII specific

activity of mock and hAPPmut expressing cells (Figure l5b). The CaMKII

activity in hAPPwt expressing cells was eliminated by treating hAPPwt cells

with a CaMKII inhibitor, KN-93 (118), indicating that KN-93 is a specific

inhibitor for CaMKII in B103 transfected cells. Westem analysis of nuclear

extracts of mock, hAPPwt and hAPPmut expressing cells that were cultured
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Figure 1 5 . The effect of wild type and mutant bAPP on calcium,/cal¡nodulin kinase
II (CaMKtr) expression and activþ. (a) Differentiated 8103 transfectants were lysed and
subject€d to Westem blot analysis. The protein-blotted memb¡ane was first probed with
monoclonal anti-CaMKII antibody and then reprobed by anti-rabbit polyclonal HDAC5
antibody after stripping for loading control. (b) Differentiating Bl03 hansfectants were
cultured in the absence or presence of 2.5 pM of fte CaMKII specific inhibitor, KN-93 for
48 hor¡rs. Cells were lysed and the crude cell lysates were used for determining CaMKII
activity. This activity was determined using the CaM kinase II assay kit (Upstate Biotech).
The assay kit was designed to measure the phosphotransferase activiry of CaMKII. The
phosphorylated substrate is then separated from the residual [gamma'?] AI? using
phosphocellulose paper and qnentitated by using a scintillation counter to determine the
specific activity of CaMKtr as phosphate incorporated into substrate peptide/min and
graphed. The error bars are * s.e.m, z : 5.
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Figure 16. The effect of CaMKII inhibitors on the phosphorylation state of MEF2
proteins. The expression ofMEF2 in nuclear exEacts from Bl03 ta¡sfectants in the absence
(-) or presence (+) of KN-93 was determined by Wastem blotting. Tmmunoblots were probed
with rabbit polyclonal anti-MEF2 antibody, and loading of protein, was controlled for by
reprobing with anti-HDACs antibody. Arrows indicate the position of the two major
migration species of MEF2. The mol wt markers in kDa are indicated on the right.



-:r
4

]:

I

in the presence of KN-93 showed no signif,rcant difference (P > 0.05, n : 5)

in the relative levels of the slower and faster migrating forms of MEF2

compared with untreated cells (Figure 16). These results indicate that

hAPPwt expression activates CaMKII activity without affecting the

expression of CaMKII or nuclear export of HDACs. However, this increase

in CaMKII activity may not be involved in the APP mediated

phosphorylation of MEF2.

5.5 The DNA binding aff,rnity of MEF2 is increased b), expression of wild

tvpe but not mutant Alzheimer amyloid precursor pIOIein.

Phosphorylation of MEF2 by the p38 MAPK pathway has been found

to increase MEF2 transcription activity (76,99) by altering their ability to

bind to DNA response elements (a9) and to interact with co-activators and

co-repressors of transcriptions (99,100,106,111). We tested whether the

bAPPwt induced differential phosphorylation of MEF2 had any effect on the

DNA binding activity of MEF2. To address this question, nuclear extracts

from confrol and hAPP transfected cells were assayed by EMSA for their

DNA binding activity to the MEF2 consensus binding site

(CTAAAAATAA) (Figure l7). To test the relevance of over expressing
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MEF2 Binding site sequence

MEF2 consensus : (CiT)TA(A/T)4TA(G/A)

MEF2 wt: 5'-GAr ccc fii;AAAArdc ccr crc
3'-cAr ccc &4ln TTAIþ ccA cAG

MEF2 mut:
g:--------

Figure 17. The MEF2 binding site consensus sequence fo¡ the wild type and mutant MEF2
cis-element probe used in electrophorectic mobility shift assay (EMSA). The base pair
substitutions generated to mutate each site are indicated below the respective wild type
sequence.
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Figure 18. MEF2 is specific for binding to wild typ€ but not the mutant MEF2 c¡þelement
probe. (a) Electrophorectic mobilþ shift assay of 2O ¡tg of Bl03 nuclear extract with
MEF2wt/mut binding site sequence. Binding reactions contained no nuclear exhact (lanel),
nuclear exhact (lanes 2 and 3). (b) Competition EMSA of 20 ¡rg nuclear exhacß from B I 03
cells with MEF2wt binding site DIG labeled probe. The probes were incubated in fte binrling
reaction buffer with increasing concentration of molar excess cold (unlabeled) MEF2wt
binding site oligomers. Control, no competitor (lane l), l0 fold (lane 2), 30 fold (lane 3)
molar excess of unlabeled probe and (lane 4), I 0 fold of an unrelated competitor probe of
NFkappaB crs-element. (c) EMSA of nuclear exFacts with either wild type or mutant MEF2
binding site probes. The binding reactions contained no nuclear extracts (lane l), nuclear
extracts (lane 2), nuclear exhacts and anti-MEF2 antibodies (lane 3) and nuclear extracts
(lane 4). Positions of the MEF2-DNA and supershift complexes are indicated. Free DIG
labeled probe is shown at the bottom ofthe gels.
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MEF2 in the 8103 cells, we f,rst established by EMSA, that endogenous

MEF2 bound the anticipated MEF2wt binding site, and as expected this

binding activity was abolished when the MEF2mut binding site probe was

used (Figure l8a). The MEF2 binding activity was gradually eliminated with

increasing concentration of molar excess of cold (unlabeled) MEF2 DNA

binding site oligomers in competition EMSA (Figure 18b, lanes I to 3). As a

proof that MEF2 is contributing to the def,ured binding activity, excess molar

of an unrelated competitor oligomer of NF kappaB binding site did not

affect this binding activity (Figure 18b, lane 4). Furthermore, antibodies

di¡ected against MEF2 in EMSA showed the formation of a supershift

complex that was abolished when MEF2 mutant binding site probes were

used (Figure l8c). These results demonstrate that, the specificity of

endogenous MEF2 binding activity in 8103 cells is consistent with reports

on other cell lines (49). Next, we next examined the effect of APP

expression on MEF2 DNA binding activity. EMSA indicated that there was

no significant difference (P > 0.05, n : 5) n the levels of MEF2-DNA

complex from nuclea¡ extracts of mock, hAPPwt and hAPPmut expressing

cells (Figure l9a). However, this result does not mean that there is no

change in MEF2 DNA binding activþ, and to also eliminate bias due to

unequal loading of MEF2-DNA complexes, we also determined the extent of
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Figure 19. The effect of APPwt and APPmut expression on tåe DNA binding activity of
MEF2 protgins. (a) Effects of mocþ bn PRÀ't and bAPPmut expression on lvßF2 DNA
binding activþ. Nuclear protein exhacts from B I 03 transfected cells were used in EMSA
with the MEF2wt binding site oligomer. The control lanes indicate that no nuclear exhacts
were used in the binding reactions. (b) The relative MEF2 DNA binding affrrity was
determined in an EMSA using excess molar concentration of cold MEF2wt binding site
sequence to compete for the MEF2 nuclear binding. The relative binding was calculated
by dividing the chemiluminescence sigrral (optical density of the MEF2-DNA complex x
area ofthe band shift) by the amount ofDIG labeled probe in the binding reaction buffer
and normalized to arbitrary units.
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MEF2 binding affinity in an EMSA with increasing concentration of molar

excess unlabeled MEF2 cls-element oligomers as competitors. The data

showed that, the relative binding afhnity of MEF2 in hAPPwt nuclear

extracts was reduced to 50%o by 22 lold molar excess of cold competitor,

compared with 8 and 9.5 fold of mola¡ excess of cold competitor for mock

and hAPPmut. (Figure l9b), suggesting that hAPPwt mediated an increase

in the relative MEF2 DNA binding aff,rnity, and could influence

ffanscription of MEF2 dependent genes. To assess the factors that

contributes to this increase in DNA binding activity, we examined whether

APP expression may alter the intracellular distribution of MEF2. Indirect

immunofluorescent analysis revealed that MEF2 is predominantly localized

in the nuclei and there was no difference in the distribution pattem of MEF2

in mock, hAPPwt and hAPPmut hansfected cells (Figwe 20a)' The

percentage of MEF2 positive nuclei was 98 +2% in mock compared with 97

+ 5%o and 97 * lo/o in hAPPwt and hAPPmut cells respectively. Thus, there

was no significant difference (f -- ZS.l;1 degree of fieedom; P > 0'05, n:

5) in the percentage of MEF2 positive nuclei of mock compared with

hApPwt and hAPPmut expression (Figure 20b), suggesting that subcellular

localization of MEF2 does not play a role in the APP dependent increase in

the MEF2-DNA binding activitY.
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Figure 20. Intracellular distribution of MEF2 proteins. (a) There is similar intracellular
distribution of MEF2 in diffe¡entiated Bl03 mocþ hAPPwt and mut transfected cells. The
MEF2 proteins were immunostained by using rabbit polyclonal anti-MEF2 antibody and
images acquired with epiflourescent microscopy; x 40. Endogenous MEF2 in these cells
shows a predominantly nuclear localization. Nuclei were counterstained with Hoechst
33258. (b) The frequency of MEF2 nuclear immunoreactivity was detennined by assessing
the number of positive nuclear MEF2 fluorescence divided by the total number of cells
counted. Double blind analyses of cells were performed in n'merous fields. The error bars
are + s.e.m, z:5, and greater than 300 cells were scored per experiment.
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5.6 Inhibition of p38 MAPK represses the wild type Alzheìmer amyloid

precursor protein mediated increase in MEF2 transcription activity.

To test the functional relevance of the hAPPwt induced MEF2

phosphorylation and increased DNA binding affinity, we examined the

transcriptional activity of MEF2 proteins in cells expressing mock, hAPPwt

and hAPPmut. To determine whether MEF2 could activate transcription

from MEF2 dependent promoters, a CAT reporter gene driven by 2 copies of

the MEF2 consensus binding sites (MEF2 x 2) upstream of the thymidine

kinase (TK) minimat promoter (Figure 21a i) was transiently co-transfected

with the pSVp-galactosidase gene into mock, hAPPwt or hAPPmut

expressing cells. The B-gal activify served as an intemal control for

transfection efficiency. Transfected cells were differentiated, and after 72h,

cell lysates were extracted and assayed for CAT activity. CAT activity

assay was performed to detennine the amount of CAT transcribed by

measuring the optical densiry of radioactive raC cbloramphenicol butyryl

products relative to p-gal enzyme units for mock, hAPPwt, and hAPPmut

cells (Figure 21a ii). Expression of hAPPwt signif,tcantly increæed (P <

0.01, n: 5) the relative CAT activity by 495 +. l0o/o compared with the

relative CAT activity of 100% in and 1 l0 + 7o/o lot mock and hAPPmut
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Figure 21 . Wild type but not mutant APP expression activated a MEF2 responsive reporter
gene. (a) i, Each plate of mocþ hAPP6wt and hAPPmut stably transfected Bl03 cell
cultures, was tansiently transfected with 5 pgMEF2x2 CAT reporter gene and 3 pg of
pSVp-galactosidase construct (as an internal control for transfeìtion dfficiency). After
transfection in the undifierentiated state, cells were cultured in differentiation medilm. 72
h after transfection, cells extracts were prepared and CAT activity was determined. ii. A
typical thin layer chromatography CAI assay autoradiogram is illusbated. Each transfection
was repeaæd at least in lbree separate experiments with similar results. @) The CAT activities
were measured by both liquid scintillation counting and densitometry of radioactive taC

chloramphenicol butyryl products and quantified relative to þgalactosidase enryme activity.
Fold stimulation of relative CAI activities were determined taking the CAI activity of the
mock-stably transfected Bl03 cells as control (assigned the value of 1007o) and graphed.
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expressions respectively. There was no significant difference (P >0.05, n:

5) in the relative CAT activity between hAPPmut and mock expressing cells

(Figure 2lb). Treatment of the transfected celts with the specif,rc inhibitor of

p38 MAPK, SB, significantly inhibited (P < 0.03, n : 5) the hAPPwt

mediated increase in the transcriptional activity of MEF2 (Figure 22a). ln

contrast the specific inhibitor of CaMKII, KN-93 had no effect on the

hAPPwt induced increase in MEF2 transcription activity (Figure 22b). These

inhibitors had no effect on the viability of the transfected cells (hgtre 22c),

suggesting that the inhibition of MEF2 activity is not a reflection of the

cytotoxic effects of the p38 MAPK inhibitor, SB. These findings indicate

that p38 MAPK but not CaMKII is involved in the activity of MEF2

transcription factor induced by APP.

5.7 The anti-anoptotic Alzheimer amvloid precursor orotein signaling is

deoendent on MEF2 activation.

It has been previously shown that wild type but not mutant APP

expression effectively prot€cts against apoptosis in 8103 cells under

stressful conditions (40,41). To investigate the mechanisms involved in the
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Figur.e 22. Activation of a MEF2-responsive reporter gene in the presence of p38 and
CaMKII inhibito¡s. (a) Relative CAT activity of MEF2 reporter CAI gene transÈctd into
hAPR¡¡t expressing cells, and cultu¡ed in the presence oip38 MAPK inhibitor, SB and
absence (0.01o/o, DMSO) as vehicle for SB) (b) Relative CAT activity of the MEF2x2
reporter CAT gene transfectd into bAPRvt expressing cells, and cultu¡ed in the presence
of CaMKtr inhibitor, KN-93 and absence (0.01%, dimethyl sulfoxide (DMSO) as vehicle
for KN-93. The error bars are + s.e.m (which was not more than 2olo ofthe mean value for
any of the data points) z : 5. (c) Determination ofthe frequency of cell viability. Cells were
cultured in the presence of specific inhibitors and the extent ofcell viability measured by
the MTT assay. The eno¡ bars are * s.e.m, z : 5.
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anti-apoptotic functions of APP, we focused on MEF2, a key transcription

factor that regulates diverse cellular pathways. A TLINEL assay w¿ls

performed to establish that DNA fragmentation is occurring concurrent with

apoptosis when cells were treated with STS. The TTINEL assay was

consistent with previous results, which showed that in tlÌe absence of an

apoptotic inducing stimuii, hAPPmut transfected 8103 cells showed no

significant increase (P > 0.05, n: 5) n apoptosis compared with mock and

hAPPwt tranfected cells (Figure 23). However, in the presence of STS

treatment, hAPPwt expression sigrrif,rcantly decreased (P < 0'01, ¡u = 5) the

level of apoptosis to 8.5 + 2%o compated with 23 + 3Yo and 19 * 3%o fot

mock and hAPPmut expressing cells respectively. Because MEF2 has been

observed to be essentìal for neurogenesis (65), and that expressing a

dominant negative form of MEF2 in neuronal cells induced apoptosis during

differentiation (67), we examined the possibility that MEF2 plays a role in

mediating anti-apoptotic APP sigraling. This assumption is further

reinforced by the observation that MEF2 regulates neuronal activity

dependent cell survival during development ofneuronal cells (66). On the

other hand, Ca*2 induced release of MEF2 increases apoptosis in T cells

(101). we compared the effects of stably fiansfecting wild type or dominant

negative MEF2 (N4EF2Awt or MEF2A DN respectively) into hAPPwt or
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Figure 23. Wild-type, but not FAD-mutant hAPP695 protects APP-deficient Bl03
c_ells against apoptosis induced by 5 pM STS for 5h. The proportion ofapoptotic cells
(fragmented nuclei) were scored by TUNEL labeling. Thé enor bars are i ó.e.m , ¿ : 4.
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hAPPmut expressing cells, to determine if APP exhibits its anti-apoptotic

signaling in part by activating MEF2 transcriptional activity. To eliminate

the bias due to dosage gene effects on apoptosis, western blot analysis ofthe

transfected cells showed that expression levels of hAPPwt relative to

GAPDH levels in hAPPwt, hAPPwt + MEF2Awt and hAPPwt + MEF2A

DN were not significantly different (P > 0.05, n : 5) (Figure 21b). As

expected the relative level of MEF2Awt in hAPPwt + MEF2Awt transfected

cells was signif,rcantly greater (by 3 fold) compared with MEF2Awt levels

in, mock, hAPPwt alone, and hAPPwt + MEF2A DN expressing cells. On

the other hand, as expected the expression ofMEF2A DN (detected by anti-

GST antibodies to GST fusion protein tagged onto the MEF2A DN gene

construct) (Figure 24a) was only detected in the hAPPwt + MEF2A DN

transfected cells (Figure 24a). An interesting observation is that the MEF2A

phosphorylation state is the same between the mock and APPwt expressing

cells. In Bl03 cells MEF2C is the predominant isoform therefore we

propose that the differential phosphorylation observed in the overall MEF2

levels are due to the phosphorylation of MEF2C not MEF2A. Using an

EMSA, we established that fiansfection of MEF2Awt significantly enhanced

(P < 0.05, r : 5) the amount of MEF2 DNA binding activity by 3-fold over

endogenous MEF2 levels in hAPPwt expressing cells (Figure 24b,Ianes2
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Figure 24. The expression of MEF2A DN in APP wt cells affects endogenous MEF2
DNA binding. (a) Westen blot analyses of total cell lysates to ascertain the èxpression of
hAPA¡/t, MEF2Awt and MEF2A DN in B I 03 cells after stable transfections. It is noteworthy
that the the relative levels of MEF2B, MEF2C and MEF2D were not significantly different
in these cells.(b) Nuclear protein extracts from bÁ.PP695wt 8103 hansfectants stably
expressing MEF2Awt and DN plasmid constructs were used in EMSA with DIG labeled
MEF2wt binding site probe. The arrows indicate the specific MEF2-DNA binding complex
and unbound binding site probe (free probe). Lanes: (l) control, indicates no nuclear protein
extracts were used in the binding reaction. (2) hAPh¡/t expression only. (3) hAPPwt +
MEF2 DN. (4) hAPA¡/t + MEF2wt. Similar results were obtained in four separate experiments.
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and 4). In contr¿ìst, transfection of MEF2A DN in hAPPwt expressing cells

abrogated DNA binding activity of endogenous MEF2 (Figure 24b, lane 3)

consistent with other reports U8,261. Next, a TUNEL assay was then

performed on hAPPwt cells transfected with MEF2Awt or MEF2A DN in

the presence or absence of STS treatment as analyzed by flow cytometry

(Figure 25a). In the absence of STS treatment, expression of MEF2A wt and

MEF2A DN in hAPPwt expressing B103 cells showed no increase (P >

0.05) in apoptosis compared to hAPPwt expressing cells. Thus, the apoptosis

(%) were: hAPPwt; 0.04%, hAPPwt + MEF2 DN; 0.02%, hAPPwt +

MEF2A wt 0.04%, demonsffating that expressing MEF2A DN does not

induce apoptosis on its own in 8103 cells in the absence of an apoptotic

inducing agents. On the other hand, after STS treatment, hAPPwt +

MEF2wt expressing cells had a sigtificantly decreæed (P < 0.03, n = 4)

apoptosis level over hAPPwt expressing cells alone (8.42 + 0.7% compared

to 16.78 + 0.8% respectively) (Figure 25b). However, cells expressing

hAPPwt + MEF2A DN subjected to STS treatment had a significant increase

(P < 0.01, n = 4) in apoptosis compared to hAPPwt and hAPPwt +

MEF2Awt expressing cells (39.33 * 3% compared with 16.78 +.0.8% and

8.42 + 01% respectively). It is noteworthy that, in the absence of STS

treatment the extent of apoptosis for MEF2A and MEF2A DN expression in
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. Figìre 25- Inhibition_ of MEF2-DNA binding activity limited the anti-apoptotic
capacity of Alzheimer amyloid precursor protein. (a) Eftècts of inhibition of MEF2 function
in differentiated hAPPwt Bl03 transfected cells during staurosporine-induced apoptosis.
A representative flow cytometric analysis of apoptotic cells in cõntrol (hAPPwt);hAPPwt
+ MEF2Awt and hAPh,et + MEF2A DN B 103 cells before (- STS) and after heatrnent with
5 g.lvf _qtaurosponr,re for 5 h (+ STS). The numbers (inset) indicate the percentage of apoptotic
cells (fragrnented nuclei). (b) The percentage ofapoptotic cells wasscored by the I'tj¡ml
technique. The error bars are + s.e.m, z : 4.
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Bl03 cells (lacking endogenous APP) was not signif,rcantly different (P >

0.05, ¡¿ = 5) with values of 0.03% and 0.05%o respectively relative to 0.04o/o

for hAPPwt expression However the expression of MEF2Awt or MEF2A

DN alone in 8103 cells, showed a significant increase (P < 0.03, n= 5)in

STS induced apotosis compared with hAPPwt (33.54 + 2%o and 56.23 * 2l%

respectively, compared with 16.78 + 0.8%). These effects cannot be

attributable to a difference in cytotoxicity due to the expression of wild type

and dominant negative MEF2, because comparable levels of cell viability

were observed between the fiansfected cells. The levels of cell viability (%)

relative to control(assigned the value of 100%) as determined by the MTT

assay were: MEF2Awt (95.7 +3%),lvÍEEz^ DN (97.2 f 1%) hAPPwt (95.3

* 2%), hAPPwt + MEF2Awr ( 95.8 + 3%) and hAPPwt + MEF2A DN (96.7

* 3%). These data demonstrate that MEF2 is plays a role in anti-apoptotic

APP signaling. Once activated, MEF2 may regulate neuronal survival by

stimulating MEF2 dependent gene transcription.



6.0 DISCUSSION

In the development of neuronal circuits, apoptosis is prevalent in

neurons during the time they are forming synaptic contacts. Fifty percent of

neurons die during this time in most regions of the developing nervous

system. ln the aging process and neurodegenerative disorders, induction of

synapse loss and neuronal death have been proposed to utilize the same

signaling mechanisms as in development (39). Evidence for this is shown in

sfr-rdies that have found that apoptosis contributes to neuronal loss seen in

AD. Neuronal cells from tissue sections of brains from AD patients have

been observed to exhibit apoptotic characteristics such as DNA

fragmentation, and apoptotic like morphology. However, the morphological

evidence might still be insufficient to formally indict apoptosis as the main

cause ofneurodegeneration associated with AD because there is also many

cells that exhibit necrotic like death or maybe some altemative, non-classical

form of apoptosis. The link befween the apoptotic and necrotic death is not

clear, but studies on APP, the precursor for the AB plaques may begin to

explain this occurrence. Mutations in the APP gene that alter the processing

of APP also alter its ability to carry out its normal anti-apoptotic role in

neurons. Moreover, APP in normal frrnction activates anti-apoptotic



pathways therefore, these mutations leave the cell more susceptible to

undergoing apoptosis under stress as well as increasing the production of the

AB plaque which has been shown to induce necrotic cell death by activating

a local inflammatory response, affecting excitotoxicity, oxidative stress, the

formation of free radicals and creating competition for low-affinity NGF

receptors. To understand the mechanism behind the occurrence ofcell death

in AD a transgenic mouse model might be very useful to determine the time

frame of induction of apoptotic and necrotic cell death and what role they

play in overall degeneration.

Several studies have demonstrated the importance of App in apoptosis

and how FAD mutations impair or counteract specific App functions (40,

41, 119, 120) However, largely unexplained is the molecular mechanisms

involved in the regulation of apoptosis by App and its mutant forms in

contributing to neurodegeneration seen in AD. Therefore, shrdying App

pathways involved in inhibiting or promoting apoptosis is important in

understanding the pathogenesis of AD, and in approaches to its treatment or

prevention. What mechanisms are involved in anti-apoptotic App

sipaling? To address this question, in this study we examined the role

played by the transcription factor, MEF2 in anti-apoptotic App pathways.

MEF2 proteins have been extensively studied for their role in regulating
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gene expression in myogenesis. However, MEF2 proteins are also present in

the b¡ain indicating that they may have important functions in the cenffal

nervous system, which is aff,rrmed in studies that observe that MEF2 plays a

role in neurogenesis and activity dependent neuronal survival (65).

One of the major mechanisms for stimulation of MEF2 transactivation

is through the CaMKinase signaling pathway. This has led to extensive

studies on the interactions of HDAC 4 and 5 (amongst the class II HDACs 4,

5, 6 and 7), with MEF2 resulting in repression of MEF2 dependent gene

transcription (100,106). This repression can be overcome by CaMK

dependent disruption of MEF2-HDAC complexes, leading to nuclear exporf

of phosphorylated HDACs. We decided to examine the effect of APP

expression on the nuclear levels of HDAC 5 but not HDAC 4, because

HDAC 5, is shown to be affected by CaMK through the family of 14-3-3

proteins (chaperone proteins involved in mediation of localization of

proteins) in stimulated cells (104). Interestingly, over expression of wild

type or mutant APP had no effect on the level of HDAC 5 (Figure 9'10)'

indicating that APP may not directly influence nuclea¡ export of the

HDACs. Although, APP expression increased CaMKII activity, inhibition of

this activity did not alter the phosphorylation state of MEF2' suggesting that

APP induced phosphorylation of MEF2 may not be contributed to by



CaMKII (Figure 15). These results are in contrast to a recent study that has

identifîed that CaMK may indirectly induce the phosphorylation of MEF2 in

neurons by recruiting and activating ASKI by phosphorylation evoked by

calcium influx in membrane depolarization, which then activates MKK3/6

(upstream p38 activators). Therefore, this pathway may not be an important

mechanism in CaMK signaling in 8103 cells.

As CaMK primarity phosphorylates MEF2D (97), it may not be

surprising that at least in these cells CaMKII may not play a role in directly

phosphorylating MEF2 through APP signaling, because only MEF2A and

MEF2C were highly expressed in these cells (Figure 9a). In addition,

signaling pathways other than p38 MAPK and CaMK not investigated, such

as Pl3-kinase may mediate APP induced phosphorylation of MEF2 in a

parallel but distinct route (75). This assumption is supported by the

observations that APP activates Pl3-krnase in insulin sigrraling (121).

We report that in differentiated neuroblastoma B103 cells, MEF2 is

differentially maintained in the phosphorylated form when wild type but not

mutant hAPP is expressed possibty implicating that APP signaling leads to

phosphorylation of MEF2 (Figure 9). tn previous studies p38 MAPK hæ

been found to directty phosphorylate MEF2 induced by IGFR and G protein-

linked receptor sigrraling. Concurrently, expression of wild type APP led to
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phosphorylation dependent activation of p38 MAPK and inhibition of the

p38 MAPK pathway with SB showed a decreased phosphorylation level of

MEF2, also observed in previous studies, demonstrating that the observed

APP induced phosphorylation of MEF2 involves the p38 MAPK pathway.

This is likely to involve ffanslocation of p38 MAPK to the nucleus, as

westem blots showed nuclear expression levels of p38 MAPK (Figure 5).

However, the inhibitor of p38 MAPK used in these experiments may

unknowingly affect other kinases, and there is also the possibility that

multiple pathways could have an effect on the phosphorylation level of

MEF2.

The roles of p38 MAPK cascades in neuronal death and survival are

altered by the types of cells and the magritude and timing of insults. Recent

studies have shown that stimulation of the p38 pathway is anti-apoptotic

during development but pro-apoptotic in mature neurons exposed to

excitotoxic or other stress. Anti-apoptotic p38 sigraling occurs in retinoic

acid-induced neuronal differentiation of pl9 embryonal carcinoma cells, in

TNF-alpha sigrraling in PC12 cells (125), and in activity-dependant survival

of primary cortical neurons (66). In confiast, the p38 sigtaling pathway has

been found to be pro-apoptotic in PCl2 cells, where nerve growth factor

(Ì.{GF) withdrawl and CoClz treatment lead to p38-induced apoptosis by



inducing gene expression that leads to activation ofcaspases and release of

cytochrome c from the mitochondria (126,121). Also, p38 plays a pro-

apoptotic role in glutamate and potassium deprivation in cerebellar granule

neurons and ceramide-induced apoptosis of primary cortical neurons

(128,129). The most accepted explanation for this discrepancy is that the

physiological level of neuronal activity might control the p38 pathway as a

mediator ofcell survival. ln conffast, once cells suffer strong stress beyond

the physiological level, the p38 pathway might act as a stress-activated

mediator ofneuronal apoptosis (130). Recently, a mechanism has been

reported that can account for a switch from the proneurogenic anti-apoptotic

effects of the p38 MAPK-MEF2 transcription factor pathway into a pro-

apoptotic cascade in mature neurons (113). It involves caspase activation by

exposure of cerebrocortical neurons to an excitotoxic concenffation of

NMDA, which leads to the direct cleavage of MEF2 A, -C and-D in their

transactivation domains by caspases. These cleaved products act æ

dominant negative transcription factors blocking the protective effect of

MEF2 (113). These results suggest that activation of MEF2 is important in

the survival pathways ofneurons.

As p38 dependent phosphorylation of MEF2 has been shown to

increase the transcriptional activity of MEF2 (76'77), we examined the



possible role of the anti-apoptotic p38/tr4EF2 palhway in APP signaling.

Increased MEF2 DNA binding affinity (Figure 19b) and MEF2 dependent

gene transcription of a reporter gene was observed in hAPPwt expressing

cells (Figure 2la,b). This increase in MEF2 activity was not due to change

in the MEF2 subcellular localization, as MEF2 was predominantly nuclear

(Figure 21ab). However, inhibition of p38 MAPK but not CaMKII led to a

marked decrease in MEF2 dependent gene transcription (Figure 22 a, b)

demonstrating that the APP induced phosphorylation of MEF2 mediated by

p38 MAPK, could be required for the recruitment of an essential

transcription co-factors (111) or release of co-repressors (99,100,106)

resulting in increased MEF2 transactivation. This idea is consistent with

reçent reports that the transactivation activity of MEF2C is through p38

MAPK catalysed phosphorylation (79). Altematively, APP expression may

result in phosphorytation of MEF2 putative sites that are function4lly

distinct from those previously reported to result in a change in MEF2 DNA

binding activity. However, our result is contrary to the observation that

hypophosphorylation by calcineurin enhances MEF2 DNA binding activity

and increased its transactivation in cerebellar granular neurons (68). This

discrepancy may be due to the ability of the MEF2 proteins to activate
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transcription dependent on the specific dimer composition of the DNA

binding complex and the cellular context (122).

Next, we investigated the functional relevance of MEF2

transcriptional activity in anti-apoptotic APP signaling. Activation of MEF2

has been linked to the anti-apoptotic action of the p38 pathway, whereby

p38-dependent phosphorylation of MEF2 activates anti-apoptotic genes in

the differentiation of p19 cells (67), and in calcium-dependent survival of

primary cortical neurons. Our results showed that inhibiting MEF2 DNA

binding activity by expressing dominant negative MEF2A, limited the

capacity of APP to effectively protect against sTS-induced apoptosis, while

expression of MEF2Awt enhanced anti-apoptotic APP effects (Figure 25).

Taken together, these data indicate for the first time, that MEF2 activation

may be required for the anti-apoptotic activity of wild type Alzheimer

amyloid precursor protein. Thus, we propose a model where APP sigtaling

affects activation of p38 MAPK pathways that leads to increased MEF2

Íanscription activity by post-translational modification due to

phosphorylation. once activated, MEF2 regulates neuronal suwival by

stimulating MEF2 dependent gene transcription (Fig. 7). This model

illustrates the relationship between APP and p38 MAPK that converge on

MEF2. It is noteworthy that APP can activate MEF2 independent of p38



MAPK. Such pathways may involve Akt, and Pl3-kinase. How does this

model apply to the pathogenesis of AD? Disruption of this function by

mutations in APP, abenations in the p38 MAPK/MEF2 pathways may

enhance neuronal apoptosis due to secondary insults, and could contribute to

neuronal degeneration seen in AD.

Some future directions that could be taken to clarify and enhance

these results would be to co-transfect 8103 cells with DN p38 and DN

CaMK. This would strengthen the result that APPwt induces

phosphorylation through activation of p38. Using a Ga14 reporter assay with

the transactivation domain of all MEF2 isoforms would identify if the

increase in transactivation of MEF2 is due to the increase in DNA binding

affinity observed and what isoforms a¡e involved. In addition, mutagenesis

of specific residues in MEF2 known to be phosphorylated by p38 in muscle

would identiff if these sites are the same in neuronal 8103 cells. Also, to

complete the experiments in this study on other neuronal cell lines to

identify if there is heterogeneity in MEF2 action among different neuronal

cells.

A novel study has recently identified that APP signaling leads to

activation of PI3-K (l2l) and APP has also been found to activate Ras

(unpublished results). Both of these pathways lead to activation of MEF2 in
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p38-dependent and p38-independent pathways, therefore they are implicated

in activating the anti-apoptotic APP sigraling pathway but this remains to be

clarified.

MEF2 has been shown to display complex regulation by the formation

of different dimer partners with MEF2. Dimer composition varies between

cell types and in response to different sigrals in the same cell type.

Identifrcation of these dimers has been studied in muscle but is relatively

unknown in neuronal cells. Activation of MEF2 increases transcription of

gene important in the survival of neuronal cells, but specific anti-apoptotic

genes activated by APP stimulation in neuronal cells are not known. This is

an important observation that could have therapeutic implications in patients

that have the familial Alzheimer's disease mutation in APP that does not

exhibit a protective effect in neuronal cells. Using Matlnspector Y22 (l3l)

we searched for potential MEF2 binding sites in apoptosis-regulating factors

that may play a role in the pathology of AD. Bcl-2 and Bcl-x1 act as anti-

apoptotic regulators that can prevent neuronal cells death induced by various

stimuli, and have been found to have higher expression levels in brain cells

from patients with AD (132). Inspecting the promoter region of mouse Bcl-

2 and Bcl-x, we found fwo potential MEF2 binding sites in Bcl-x

(AFl33277 PubMed) at positions 1303 and l3ll. Investigation into the
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function of these potential MEF2 sites in Bcl-x and searching for other

proteins with potential sites could lead to the identification ofanti-apoptotic

targets of MEF2. Finally, identification of the expression and activation

levels of the key players in the p38A4EF2 pathway in human AD brain

tissues compared to normal or transgenic mice models that carry a mutation

in the APP gene may help to implicate the physiological importance of this

pathway in the neurodegeneration seen in AD.
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Figure 26. The p38 MAPK paftway links APP with MEF2 in anti-apoptotic sþaling. The
Alzheimer amyloid precursor protein induces phosphorylation dependent activation ofp38
MAPK. Activated p38 MAPK may phosphorylate MEF2, and consequently an increase in
MEF2 dependent gene transcriptions. AltemativelS APP may also activate MEF2 tbrough
the PI3 -kinase/Akt pathways
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