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ABSTRACT

We investigated the mechanisms of transcriptional regulatieaheoPK@ gene. By
deletion analysis of the ~1.4 kb (-1448 to +1, relative to transcriptem site) 5'-flanking
sequence of the mouse P&@ene, we have identified a basal promoter region, nucleotide
-148 to +1, required for sufficient PKGranscription in NIE115, MN9D, and N2a cells. We
further identified two NkB binding sites«B 1, kB 2) as well as a NERF1a site within the
basal promoter as key regulatory elements in the moused PKKTA-less promoter.
Subsequent functional studies using site-directed mutation anedysialed thakB 1, but
not kB 2, is necessary for PKCbhasal expression in both NIE115 and MN9D cells. To
further facilitate analysis of the regulation of the RK@@omoter, we cloned a ~2 kb (-1694
to +289) 5-promoter segment of the mouse BKgene including the putative PKC
promoter (1694 bp) as well as the GC-rich sequences of the firstoadamg exon (289 bp).
Deletion analysis of this region indicated the non-coding exonl GQagbn that contains
multiple Sp sites, including four GC boxes and one CACCC box, grealtignces the basal
PKCs promoter activity and directs the highest levels of transongth NIE115 and MN9D
cells. In addition, an upstream regulatory region containing adjaceméssive and
anti-repressive elements with opposing regulatory activitiesiceaified within the region
-712 to -560. Detailed mutagenesis revealed that each Sp site asiévee contribution to
PKCs promoter expression. Overexpression of Sp family proteins markedly sechElK(G
promoter activity without any synergistic transactivatingafiie NIE115 cells. Furthermore,
experiments in SL2 fly cells identified the long-isoform Sp3 res éssential activator of
PKGCs transcription. Importantly, both PKCpromoter activity and endogenous RKC

MRNA in NIE115 cells and primary striatal cultures were inbibity the Sp protein
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inhibitor, mithramycin-A. The results from chromatin immunoprecimta and gel shift
assays further confirmed the functional binding of Sp proteins to th@d Rifomoter.
Additionally, we demonstrated that overexpression of p300 or CBP insrélasePKG
promoter activity. This stimulatory effect requires intact Splinig sites and is independent
of p300 HAT activity. We also investigated the possible involvementemifjenetic
mechanisms, such as DNA methylation and histone acetylationguttati®n of the PKG
gene. Using bioinformatics method, we found a putative CpG island ©-391Q0) that
overlaps with mouse PK&promoter. By methylation-specific PCR, we found that the #KC
promoter is partially methylated in NIE115, MN9D, and N2a cellsrtiHermore,
administration of DNA methylation inhibitor 5-Aza-deoxycytidine indddypomethylation

of the PK@ promoter and increased expression of BHKGRNA in NIE115 cells, further
suggesting that DNA methylation is involved in mouse BK€ne expression in these cells.
To examine the role of histone acetylation in BKgene expression, we also explored the
effects of various histone deacetylase (HDAC) inhibitors bothitro andin vivo. Treatment
with sodium butyrate (NaBu) significantly enhanced the Pitein and mRNA levels in
primary striatal and nigral neurons and in NIE115 and MN9D cetlsetHDAC inhibitors,
valproic acid (VPA), scriptaid, trichostatin A (TSA), and apicidilhmimicked the action of
NaBu to induce PK& Furthermore, NaBu treatment in the C57 black mouse model caused a
time-dependent induction of PKCgene expression in the substantial nigra and striatum
regions. NaBu-induced PKCexpression correlated with hyperacetylation of the H4 histone
associated with PK& promoter, clearly suggesting that acetylation-dependent chromatin
remodeling may play a role in Pi&Qipregulation. To further explore the molecular basis of

histone acetylation-dependent PKGpregulation, PK& promoter analysis was performed
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Vi
using reporter gene assays. NaBu and other tested HDAC inhililiordramatically
increased the PK& promoter activity in a dose-dependent manner. By using deletion
analyses, the minimal fragment of the RK@omoter in response to NaBu was mapped to
an 81 bp non-coding exon 1 region (+209 to +289). The site-directed mutagstuelses
revealed that multiple GC sites within this region are ma@ments conferring the
responsiveness to NaBu-induced promoter activity. In addition, traneoaptactivities of
Spl and Sp3 were significantly induced by NaBu. Importantly, the ectopicssigmef Sp1,
Sp3, or Sp4 significantly enhanced NaBu-mediated transactivatioAK&@b promoter,
whereas the ectopic expression of dominant negative mutant of Spl didSp8 cause this
effect. Moreover, the Sp protein inhibitors mithramycin-A and tafeic acid
dose-dependently blocked NaBu-induced BKGromoter activity. In addition,
transcriptional activity of Spl and Sp3 was significantly inducgdNaBu in a one-hybrid
system. By utilizing the same assay, we found that the B domdirthe glutamine-rich
segment of the A domain of Spl and Sp3 (amino acids Spl 146-494; Sp3 81a499) w
essential for the NaBu-induced transactivation of the &K@omoter. Transient
overexpression of p300 or CBP potentiated NaBu-induced transactipatemtial of Spl or
Sp3, whereas transient overexpression of HDACs attenuated this, effggesting that
p300/CBP and HDACs may act as co-activators or co-repregsamsponse to NaBu
exposure. Next, we evidenced a novel association betwagnuclein, a protein associated
with the pathogenesis of Parkinson’s diseases (PD), ands,PKCwhich a-synuclein
negatively modulates the p300- and WBFdependent transactivation to down-regulate
proapoptotic kinase PK&expression and thereby protects against apoptosis in dopaminergic

neuronal cells. Stable-expression human wild-tgpsynuclein at physiological levels in
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Vi
dopaminergic neuronal cells resulted in an isoform-dependent tyatiestal suppression of
PKGCs expression without changes in the stability of mRNA and protein or DNA taé&thry
The reduction in PKE& transcription was mediated, in part, through the suppression of
constitutive NikB activity targeted at two proximal PK&cpromoterxB sites. This occurred
independently of N&B/IkBoa nuclear translocation, but was associated with decreased
NF«B-p65 acetylation. Alsopsyn reduced p300 levels and its histone acetyl-transferase
(HAT) activity, thereby contributing to diminished PBQransactivation. Importantly,
reduced PK@ and p300 expression also were observed within nigral dopaminergic neurons
in asyn transgenic mice. Finally, we examined whether environmentalotogioant
exposure alters PKZexpression. Manganese exposure potently induceds R&&ls in
primary striatal neurons and NIE115 cells. The use of primary nefir@msmice lacking
PKCs subsequently demonstrated that the level of ®K#@lays a critical role in
manganese-induced neurodegeneration. Experiments on manganese-exposealsanice
confirmed the action of manganese in upregulation of PKiSing NIE115 cells, we further
elucidated the mechanisms underlying the manganese-induced ugticegof PKG. We
identified that NikB is essential for the manganese-mediated expression af PKOE115
cells. Taken together, our studies show that 1) #gi©moter contains multiple positive and
negativecis-acting elements, and both Sp family proteins anaBNFunction as essential
trans-acting factors to regulate PKWCiranscription, 2) epigenetic mechanisms including
DNA methylation and histone acetylation appear to have a dotectr PKG expression, 3)
PKCS expression can be induced by parkinsonian environmental toxin, manganese,

negatively regulated by the PD-related gensynuclein.
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CHAPTER |: GENERAL INTRODUCTION

Dissertation Organization

This dissertation is organized in six chapters and some chapgengritten in a
journal paper format. The first chapter, General Introduction, inclahesntroduction
describing the objectives of my research subjects and a diteregview, which provides
background information related to the present investigation. Tieeenees cited in this
chapter are listed at the end of the dissertation. In the follofeumgchapters (11-V) are four
research papers, entitled “Transcriptional regulation of proteirs&i@®, a pro-apoptotic
kinase: implications of oxidative damage in dopaminergic neurodegengrd'Histone
acetylation upregulates PWCvia Sp-dependent transcription in dopaminergic neurons:
relevance to epigenetic mechanisms of neurodegeneration inngtarks Disease,”
“Alpha-synuclein negatively regulates PBCexpression to suppress apoptosis in
dopaminergic neurons by reducing p300 HAT activity,” and “Increasquession of
pro-apoptotic kinase PKXL following exposure to manganese: implications for
gene-environment interactions in neurodegeneration.” These paperdsewsubmitted for
publication in theJournal of Biological Chemistry, theJournal of Biological Chemistry, the
Journal of Neuroscience, and Environmental Health Perspectives, respectively. The list of
references cited is placed at the end of each chapter. Chapté&exeéral Conclusion,
summarzies and discusses the entire dissertation. In this pdrttureeperspectives also are

presented.
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Introduction

Parkinson’s disease (PD) is the most frequently occurring mavedisorder in the
United States. It results from the progressive degeneration of the id@pgimneurons in the
substantia nigra pars compacta (SNc) and the associated dopaficieaclein the striatum.
Although the relative contribution of genetic and environmental askofs in PD has not
been fully elucidated, there is ample evidence from the lase thecades suggesting that
oxidative stress, mitochondrial dysfunction, protein aggregation and rimgyati of
ubiquitin-proteasome system (UPS), and apoptosis may contribute tpaBiDgenesis
(Dawson and Dawson, 2003). In particular, a key role for kinase signalirige PD
neurodegenerative process is increasingly being recognized.idvistat the mitochondrial
kinase PTEN-induced kinase 1 (PINK1) (Valente et al., 2004b) and thedeixh repeat
kinase 2 (LRRK2) (Paisan-Ruiz et al., 2004; Zimprich et al., 2004)e been reported to
be associated with familial forms of PD. Alterations in kinastvity of PINK1 or LRRK2
are thought to account for, at least in part, the pathogenic effects of EhkikBd mutations
(Cookson et al., 2007); suggesting that aberrant protein phosphorylatiomepragent a
molecular mechanism underlying PD. In addition, data obtained in p&urpt
environmental and genetic models of PD have suggested an intpoteafor a number of
redox-sensitive kinase signaling pathways in the pathogenesiB ¢H&per and Wilkie,
2003; Kanthasamy et al., 2003a; Peng and Andersen, 2003; Inglis et al., 2009). Our
laboratory previously reported that the kinase, protein kinas¢éP&Cd), functions as an
oxidative stress-sensitive kinase, and that its persistenmatoti by caspase-3-mediated

proteolytic cleavage has a promotional role in multiple models PBFassociated
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dopaminergic neurodegeneration (Anantharam et al., 2002; Kaul et al. Ki@@zwa et al.,
2003; Kaul et al., 2005b; Latchoumycandane et al., 2005). Follow-up analysis tiateoins
that blocking of the PK&signaling pathway by administration of pharmacological inhibitors
of PKCGS or expression of a dominant negative RKKinase or depletion of PKXvia
siRNA-mediated knockdown has been shown to effectively prevent neimariolxiced
dopaminergic neurodegenerationvivo andin vitro (Yang et al., 2004; Kanthasamy et al.,
2006; Zhang et al., 2007a), suggesting that #kKCa promising candidate for therapeutic
intervention in PD. Although both the molecular bases of #Kcivation and its roles in
neurodegeneration have been the subject of intense investigations lktlewn about the
regulation of PK@ expression. Thus, the primary objective of this dissertation is to
systematically investigate the cellular and molecular meshani underlying the
transcriptional regulation of PK&Lin neuronal cells. We also are interested in the effect of
epigenetic modifications of the PWQoromoter on its transcriptional regulation and the
subsequent impact of alterations in RKE&xpression on the functional role of P&@h
parkinsonian neurodegeneration. A better understanding of the regulaitidAKCo
expression might help to identify ways to control RK@&ctivity and alleviate PKE&
pro-apoptotic function in PD. Meanwhile, further studies on the potemtiaktalk between
PKC3 expression and genetic risk factors as well as environmesitafagtors involved in
PD pathology, particularly the-synuclein and manganese, also have been extended in the
dissertation. Taken together, these studies will provide usefghissior understanding the
pathogenesis of PD and may be beneficial for novel drug tasgkdstion and therapeutic

intervention.
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Literature Review

This section provides background information related to the studiesbadesm the
dissertation: (1) Parkinson’s disease; (2) Etiology of Parkiastisease; (3) Pathogenesis of

Parkinson’s disease; (4) Protein kinase C delta.

1.1  Parkinson’s disease

Parkinson’s disease (PD) was first described in medicedtitee by James Parkinson
in 1817 (Pearn and Gardner-Thorpe, 2001). This disease is estimatiedttd@0 to 150 per
100,000 individuals, making it the second most common neurodegenerative ditease a

Alzheimer’s disease (AD) (Jankovic, 1988; Tanner, 1992b).

1.1.1 Epidemiology

Accurate measurements of the incidence of PD are relat&bult due to the rarity
of the autopsy data and the variability in diagnostic critett Gase ascertainment methods
in studies (Nussbaum and Polymeropoulos, 1997). The most consistent twk féac
developing PD is increasing age, with approximately 1% of the pogpulabove the age of
65 being affected, rising to 4-5% of the population over 85 years (Van Den Eede2@d 3l
Farrer, 2006). The mean age of onset of PD is approximately 62 years, althaadtO&p of
PD cases occur before the age of 40 (Rajput, 2001). Apart frompademeological studies
also have shown that the prevalence of PD varies by gender aidthaccity (Van Den

Eeden et al., 2003). PD occurs more frequently in men than in wdmeaivés et al., 2003;
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Wooten et al., 2004; Taylor et al., 2007). The reasons for the gendeemtts are not clear,
but there are several lines of evidence suggesting that tkegt deast in part under the
influence of genetic factors (Burn, 2007; Taylor et al., 2007). PDnaéggsobe more common
in people of European ancestry living in Europe and North America, hovibeegyidence

is far from clear (Van Den Eeden et al., 2003).

1.1.2 Clinical phenotype

The onset of symptoms in PD is insidious, and the clinical courssteadily
progressive (Farrer, 2006). Its main clinical phenotype is parkimapras neurological
syndrome characterized by severe motor symptoms including reséngri rigidity,
bradykinesia, and postural instability caused by striatal dopamfiogedey or direct striatal
damage. PD is the most common form of parkinsonism, making up apprelyir8@®o of
total cases (Farrer, 2006). In addition to the motor deficitsgqatiwith PD often exhibit a
number of non-motor symptoms as well, such as autonomic dysfunctiomitiv®gnd
neurobehavioral disorders, and sensory and sleep abnormalities (JankRO0@).
Constipation, daytime sleepiness, and an impaired sense of smék ely signs of PD
(Abbott et al., 2005; Abbott et al., 2007; Haehner et al., 2007). Based oretloenpnance of
the various cardinal symptoms, age of onset, and progression rateasPiieen classified
into either a tremor-predominant form that displays a slowoff@ogression and is often
observed in younger people, or a postural instability and gait disgttfeD) subtype that is
more apt to develop in older people (>70 years old) and is charadtdniz rigidity,

bradykinesia, and gait disturbance (Obeso et al., 2010).
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1.1.3 Neuropathological phenotype

The pathological hallmark of PD is the progressive and selective loss of idepgim
neurons (Figure 1) within the substantia nigra pars compacta (BEdjng to the marked
depletions of dopamine, its
metabolites including
homovanillic acid (HVA) and

3,4-dihydroxyphenylacetate

Substantia nigra

(DOPAC), its biosynthetic

FParkinson's Disease Normal

enzyme tyrosine hydroxylase

Figure 1: Neuronal loss associated with depigmentan in SNc of .
PD patients. This figure is obtained from: (TH), and the dopamine

http://www.gwc.maricopa.edu/class/bio201/parkn/parkl.jpg.

transporter in the striatum, as
well as in the SNc. Such depletions are believed to underlie ménthe clinical
manifestations of PD (Crossman, 1989; Dunnett and Bjorklund, 1999; Zhang 200dla).
The dopaminergic neuronin the SNc, sometimes referred to ateellAgroup that forms
the nigrostriatal dopaminergic pathway, contain cytoplasmiconeelanin, a pigment that
gives these nuclei macroscopicablack appearance (Forno, 1996). The cell bodies of these
neurons are located in the SNc, while their axons run along thalnh@dbrain bundle and
project primarily to the putamen in the dorsal striatum. At the ton$esymptoms,
approximately 60% of the SNc dopaminergic neurons correlated with depigmentagiore (Fi
1) in SNc and about 80% of the putamen dopamine have been lost (Kirk £938).
Another important pathological feature for PD is the formationrafnd eosinophilic

inclusion bodies that contain aggregates of many different proteids lipids in the

cytoplasm of neurons (Lewy bodies [LB]) and thread-like proteioas deposits within
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neurites (Lewy neurites [LN]) in the surviving dopaminergic neui@ingure 2) (Werner et
al., 2008). The mechanism underlying the LB or LN formation, as agetheir pathogenic
relevance to PD, however, is still controversial. In additiothéodopaminergic neurons in
SNc, neurodegeneration and LB formation also are observed in noradrerengpns of the

locus coeruleus and dorsal vagal nucleus, serotonergic neurons in therdphsal and

cholinergic neurons within the
nucleus basalis of Meynert and
dorsal motor nucleus of vagus nerve,
as well as in the cerebral cortex,
olfactory bulb, and autonomic
nervous system (Jellinger, 1990;

Quinn, 1995; Hatano et al., 2009).

. _ _ . o Impairment of these neurochemical
Figure 2: Lewy bodies (A) stained with haematoxylifeosin

and a-synuclein-positive Lewy neurites (B) in SN¢ of PD L .
brains. This figure is adapted from (Werner et al.,2008). systems significantly contributes to

some of the non-motor symptoms of PD (Deumens et al., 2002). For exdogs of
cholinergic neurons in the nucleus basalis of Meynert is foundelete to cognitive
impairment, similar to that found in AD (Whitehouse et al., 1983) hieantore, the damages
to the dorsal motor nucleus of the vagus nerve were thought ttoleadstipation, while the
changes of the coeruleus and raphe nuclei may underlie the symptatepression and
sleep disturbances. The pathophysiologic progression of PD is thought torbégimegions
of the dorsal motor nucleus of the vagus and the olfactory bulb,gssigg rostrally along
the brain stem to affect the locus coeruleus and raphe nuclei, aneéxtending to the

substantia nigra and ultimately involving the cortex as theades@advances (Braak et al.,

www.manharaa.com




2003; Bonuccelli and Del Dotto, 2006). However, this proposal has been con#loaacs

remains to be proven (Burke et al., 2008; Lees, 2009).

1.1.4 Pharmacological treatment

Unfortunately, there is no cure for PD. All current treatmént®D are symptomatic;
none slow or prevent neuronal death progression in the dopaminergic ¢{dieso et al.,
2010; Olanow, 2004a). Current standard treatment therapy is basedbdapa, one of the
intermediate molecules in the genesis of dopamine (Clarke, 200Bhugh the dopamine
replacement therapy with levodopa is initially effective for mpatients to improve PD
symptoms, long-term manipulation of levodopa can lead to disabling det#seuch as
wearing-off, dyskinesias, and dystonia. Moreover, the clinidadagfy often declines as the
disease advances (Lewitt, 2008). There also is a concern that levodggse toxidn vivo
and may therefore induce further damage to the remaining trigtak neurons in
levodopa-treated patients with PD (Davie, 2008). Besides alleviatotigr symptoms, new
PD treatment strategies should be designed to slow and ulrhatedisease progression or

to reduce the growing prevalence of non-motor disease symptoms (Obeso et al., 2010).

1.2 Disease etiology

Despite decades of research, the specific etiology of &Bains to be fully
understood. There is a general agreement that PD has a complex afsttonhl etiology
involving different genetic, cellular and environmental factors thay immdependently or
concomitantly contribute for the development of PD (Obeso et al., 20b@).majority

(approximately 90-95%) of PD cases are sporadic, while monogemts fof PD only
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account for 5-10% of all cases, suggesting that nongenetardagre more important risk
factors.
1.2.1 Environmental risk factors

Epidemiological studies indicated that a variety of environmeatzbifs including
exposure to pesticides, herbicides, trace metals, industrial cismieood pulp mills,
farming, well-water consumption, rural residence, and head traiayacomfer an increased
risk of PD (Olanow and Tatton, 1999; Davie, 2008). Furthermore, a number abaaldit
endogenous toxins have been associated with the development of PD, includingndopam
and its metabolites, tetrahydroisoquinolines, and beta-carbolineso(@knd Tatton, 1999;
Dauer and Przedborski, 2003). Normal metabolism of dopamine generatdsl| maattive
oxygen species (ROS) such as hydrogen peroxide, superoxidd,radadnydroxyl radical
(Stokes et al., 1999). A second mechanism responsible for cytotoxidipbtéd dopamine
involves oxidation of the neurotransmitter that produces a reactive dwpajuinone
molecule (Smythies and Galzigna, 1998). The resulting reactive gsinbaee been
demonstrated to covalently modify and damage cellular maromade(Gtiekes et al., 1999).
In addition to these factors that increase PD risk, potentiallyegroé factors such as
cigarette smoking, alcohol and caffeine intake, and hormone replacéiames been noted
(Benedetti et al., 2000; Allam et al., 2004; Currie et al., 2004; Popat 2005), although it
is not clear how these agents influence disease risk. The onlyteahsisvironmental factor
associated with the development of the disease is cigarette smibldmyevalence decreases
by approximately 60% in smokers with a dose-response relationshigdretcigarette

consumption and PD incidence (Hernan et al., 2002).
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1.2.1.1 MPTP

Although environmental risk factors for PD have gained considertiblgian during
the 28" century, definitive proof of the implicatiom of any specifgeat as a cause of PD is
still missing (Hardy, 2006). The most compelling evidence emengdgddiscovery of the
synthetic heroin analog, 1,2,3,6-methyl-phenyl-tetrahydropyridMBTP) in 1982 when
several drug users in California developed subacute onset of garkiresonism (Langston
et al., 1983). It is now well established that MPTP induces, in humans, nanhprimates,
and mice, irreversible and severe motor abnormalities replicaliraf the clinical features
of PD, including tremor, rigidity, bradykinesia, and postural instgbilteuropathological
data in both primates and mice indicate that MPTP primarilyadgas) the nigrostriatal
dopaminergic pathway in a pattern similar to that seen in PD patients, mrhugreferential
loss of dopaminergic neurons in the SNc and a significant reductiomiatalsdopamine
content (Beal, 2001). As in PD, the toxin also induces additional nggaoderation in the
locus coeruleus (Varastet et al., 1994). Moreover, reminiscent of RDmans, an excellent
response to levodopa and dopamine receptor agonists and the development of motor
complications after long-term manipulation of levodopa were obsearvddPTP-treated
primates (Dauer and Przedborski, 2003). Therefore, MPTP admioistrbas been
extensively used as a toxicant-induced PD model for studyinglitease. However, this
toxin model normally lacks significant LB formation for reasorat tiemain unclear (Forno

et al., 1993), suggesting that LB formation may be not required to evoke nigral tiell dea
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1.2.1.2 Paraquat and rotenone

After MPTP, several widely used pesticides, particularhagaat and rotenone, have
been extensively examined for their possible involvement in PD becatistneir
toxicological and structural similarities to MPTP and dtgi¢ metabolite, MPP(Bove et al.,
2005; Brown et al., 2006). The toxicologic evidence in laboratory asmisuggests that with
certain routes of administration, both paraquat and rotenone canoleadParkinson-like
syndrome, selective SNc dopaminergic neuron degeneration,aayhuclein-positive
cellular inclusions that resemble LB microscopically (Brookslet 1999; Betarbet et al.,
2000; McCormack et al., 2002). Moreover, epidemiological studies havessedgxposure
to paraquat or rotenone may confer an increased risk for PD (Ledy &997; Brown et al.,
2006; Hancock et al.,, 2008). Despite remaining uncertainties and datatlyapsverall
evidence supports the conclusion that pesticide exposures can caose&Rinsonism in

some people.

1.2.1.3 Metals

Exposure to metals, such as lead, manganese, iron, copper, andnathelsp been
investigated as a risk factor for PD based on some occupationassi@dnner, 1992a;
Rybicki et al., 1993; Gorell et al., 1999; Tanner et al.,, 1999). Among tieme/ metals,
manganese is of special concern due to its long-known toxicity anty dbilproduce a
severe and degenerative neurologic condition that resembles PD, ksomanganism or
manganese-induced parkinsonism (Huang et al., 1989; Mergler et al., TABAlisease,
characterized by excessive manganese deposition in basal gaigdlea central nervous

system, begins with a variety of psychiatric disturbancesh(R2206), such as emotional
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liability, mania, compulsive or violent behavior, hallucinations, and lossppétite, while
motor symptoms including bradykinesia, rigidity, and dystonia aamifested at the latter
stages of the disorder (Liu et al., 2006b). Although symptoms of memgaare similar to
those associated with PD, they are distinct in both clinicagleptation and pathology (Calne
et al.,, 1994; Erikson and Aschner, 2003; Jankovic, 2005). Clinically, there alyusu
relative absence of resting tremor, more frequent dystoniaresgaat disturbance with
difficulty in backward walking, and a poor response to levodopa inergati with
manganese-induced parkinsonism, while resting tremor, asymmetrg, goatl response to
levodopa are normally present in PD (Lu et al., 1994; Pal et al., 189880& and Aschner,
2003; Olanow, 2004b). Unlike PD, which is associated with preferential dopegiu
neurodegeneration in the SNc and the presence of LB inclusiongniivisg neurons,
pathologically manganese primarily causes neuronal loss igidbas pallidus and striatum
with no formation of LBs (Yamada et al., 1986; Olanow, 2004b; Aschnat.,eR009b).
Moreover, the damages to other regions specifically affeictedD, including the locus
coeruleus, the nucleus basalis of Meynert, and the dorsal moteuswf vagus nerve, are
not observed in manganese-intoxicated patients (Olanow, 2004b; Jankovic, 20Qbhans,
manganese toxicity primarily has been observed in occupational seuah as manganese
mines and the manufacturing facilities producing dry battertegl, saluminum, welding
metals, and organochemical fungicides (Keen et al., 2000). In additiangamese
neurotoxicity has been reported in individuals receiving total pasmtetrition (Bertinet et
al., 2000) and in patients with chronic liver failure (Hauser eii@04; Krieger et al., 1995).
Other sources of excessive manganese exposure include well neatan manganese

(Wasserman et al., 2006), soy-based infant formulas (Lonnerdal, ¥3@dhler and
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Rossipal, 2000), as well as atmospheric manganese resulting fronadthigon of
methylcyclopentadienyl manganese tricarbonyl (MMT) to gasdlekelstein and Jerrett,
2007; Walsh, 2007; Santamaria, 2008; Aschner et al., 2009b). To date, pathogenic
mechanisms underlying manganism are not fully understood but possibly invoteased
oxidative stress and excitotoxicity (Brouillet et al., 1993; Chen aad, [2002), attenuation

of astrocytic glutamate uptake (Hazell and Norenberg, 1997; Eriksosuoither, 2003),

and upregulation of binding sites for peripheral benzodiazepine redigatiods (Hazell et

al., 1999). Chelation therapy with ethylene-diamine-tetraacetic(BdA) has been used as

the primary treatment for manganese intoxication (Dis@dlal., 2000; Herrero Hernandez

et al., 2006), but in some cases neurological symptoms progressedtevenaay years of

cessation of chronic exposure (Rosenstock et al., 1971; Cook et al., 1974; Calne et al., 1994).

1.2.2 Genetic risk factors

Over the past decade, the role of genetic factors in PDdeasthe subject of intense
investigation. Although purely genetic forms of PD appear to be raceuating for only
5-10% of the overall PD population, understanding the genetic variatiopactimg
dopamine neurons will accelerate the identification of the underigisgase mechanisms
and provide the rational for developing new therapeutic approachskw or halt the
disease progression. To date, more than 15 loci (PARK 1-15) and d&tiealgenes (Table
1) have been mapped and found to be linked to familial forms of RDufskate at PD Gene:

http://www.pdgeen.ong(Gasser, 2007; Klein and Schlossmacher, 2007; Hatano et al., 2009).

Polymorphisms of these genes are being further examinedjpattlic PD patients. Among

them, PARK1l and PARK&NCA, PARKS5MUbiquitin carboxyl-terminal esterase L1
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(UCHL1), PARKS8/leucine-rich repeat kinase 2 (LRRK2), and another currently unknown
gene PARK3 are shown to cause dominantly inherited parkinsonisiein (and
Schlossmacher, 2006; Gasser, 2007; Hatano et al., 2009); Four genes, pEhRK2/
PARKG6/PTEN-induced putative kinase 1 (PINK1), PARK7DJ-1, and recently,
PARK9/ATPase type 13A2 (ATP13A2) are shown to cause recessively inherited
parkinsonism (Ramirez et al., 2006; Gasser, 2007; Hatano et al., 2009).

Table 1: Summary of PD-associated genes

Locus Chromosome Gene Inheritance anghenotype
PARK1 4921-923 SNCA Dominant, DLBfeatures
PARK2 6025.2-q27 Parkin Recessive, EO, nioB
PARK3 2p13 Unknown Dominant, Classic PD
PARK4 4921 SNCA (triplication) Dominant, EO with DLBeatures
PARKS5 4p13 UCH-L1 ClassicPD
PARK6 1p36.2 PINK1 Recessive, EO, slow progression with LB
PARK7 1p36 DJ1 Recessive, EO, sloprogression
PARKS8 12q12 LRRK2 Dominant, Classic PD
PARK9 1p36 ATP13A2 Recessive, Atypical-Kufor-Raketyndrome
PARK10 1p32 Unknown Classic PD
PARK11 2p37.1 GIGYF2 Dominant, Classi®D
PARK12 Xg21-g25 Unknown ClassikD
PARK13 2pl13.1 HTRA2/OMI ClassicPD
PARK14 22913.1 PLAG26 Recessive
PARK15 22912-913 FBXO7 Recessive
- 17921.1 MAPT
- 1921 GBA Parkinsonism with.B
- 5023.1-g23.3  Synphilin-1 ClassicPD
- 2022-923 NR4A2/Nurr1 ClassicPD

EO: early onset, DLB: Dementia with Lewy bodies, :lBewy bodies. Classic PBefersto the late-onset clinical
idiopathic PD phenotype.

1.2.2.1e-Synuclein
The SNCA gene coding for the protein alpha-synuclairsynuclein) was the first

gene implicated in the familial forms of PD when a missengtation A53T within the gene
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was isolated from a large Italian-Greek family with aatoal dominant PD with a relatively
earlier age at onset (50 years) and rapid disease progressigméRopoulos et al., 1996;
Polymeropoulos et al.,, 1997). Subsequent studies identified two further poiatiomsit
(A30P and E46K) in th&\CA gene in a German and Spanish family, respectively (Kruger et
al., 1998; Zarranz et al., 2004). All these families had clinical @attiological features
similar to those observed in sporadic PD and responded to levodopa medaiétiaungh
some atypical phenotypes also have been observed. For example, codgdlive and
severe central hypoventilation have been noted in several AL3T-dsdogumatients
(Polymeropoulos et al., 1997; Spira et al., 2001), and interestingly, tlemtpawith the
E46K mutation exhibited some clinical features typical of deraemitih Lewy bodies (DLB)
in addition to parkinsonism (Zarranz et al., 2004). These mutations @edixgly rare and
have not been found in sporadic PD. Apart from these missense sidrsjtgfenomic
rearrangements including duplication and triplication of the tyiiet SNCA gene were also
reported to cause autosomal-dominantly inherited PD in severdieir(fsingleton et al.,
2003; Chartier-Harlin et al., 2004, lbanez et al., 2004; Nishioka e2@06; Ahn et al.,
2008). In contrast to the families with the gene triplications, weoevaffected in their
thirties and often presented with a severe phenotypes, such aspragrdssion, early
dementia, and reduced lifespan, the clinical phenotype in patigftsSMCA duplications
resembles more closely those of sporadic PD patients (CHddrén et al., 2004; Fuchs et
al., 2007). Interestingly, a Repl microsatellite polymorphism locatedhe SNCA gene
promoter (Maraganore et al., 2006) and several single nucleotide grplyisms (SNPs) at
the 5’ and 3’ regions have been associated with higher risk for spd?@{Mueller et al.,

2005; Mizuta et al., 2006; Winkler et al., 2007; Pankratz et al., 2009). Ahhbiegcases of
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familial PD associated with-synuclein mutations are extremely rare (Lee and Trojanowski,
2006), a significant role foa-synuclein in the pathogenesis of PD is highlighted by the
identification ofa-synuclein as the major component of the LBs in both sporadic andaflamil
PD (Spillantini et al., 1997; Spillantini et al., 1998; Takeda ¢t18198; Bayer et al., 1999).
Additionally, a-synuclein-positive inclusions also are prominent in a range of other
neurodegenerative diseases, classified as synucleinopathies, ngdhifflise Lewy body
dementia (DLBD), Lewy body variant of Alzheimer disease (LBDjJAand multiple system
atrophy (MSA) (Spillantini et al., 1998; Takeda et al., 1998; Wakabagasti, 1998; Bayer
et al., 1999). Ultrastructurally, LBs are composed of fine filam#rasare mainly made of
fibrillar a-synuclein, an aggregated form of the protein (Schulz-Schaeffer, Pddkson,
2002), suggesting that abnormalities ce6ynuclein accumulation might be crucial in the
pathophysiology of PD. It should be pointed out however, that whether LBs areoméuont
cytoprotective remains debatable (Maries et al., 2003; Jelliage8; Power and Blumbergs,
2009). In spite of the potentially deleterious effects, LB foromathight be part of a normal
cellular process to protect neuron by sequestering misfolded or pretehy degraded
proteins from the cell (Mouradian, 2002; Tanaka et al., 2004; Power and Blumbergs, 2009).
As a 140 amino acid small proteirsynuclein is abundantly expressed as a cytosolic
and lipid-binding phosphoprotein throughout the vertebrate brain (Veketllgd., 2004).
This protein belongs to the synuclein protein family additionallyuiiclg 3-synuclein and
y-synuclein (George, 2002). All synucleins have a six or seven slduee imperfectly
conserved repeats distributed throughout most of the N-terminal regidna variable
C-terminal hydrophilic tail (George, 2002). Structurablysynuclein is usually subdivided

into three distinct domains (Figure 3): (1) the N-terminal apgghic domain (residues 1-65)
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including seven copies of 1ll-residue imperfect repeat with antexi@ core motif

(KTKEGV), (2) the central hydrophobic domain (residues 66-95) th&n@vn as the

non-amyloidp component (NAC) domain, and (3) the acidic C-terminal glutamete-r

domain (residues 96-140) (Recchia et al., 2004; Beyer, 2006).

The loghserved

N-terminal repeat domain is thought to confer the lipid-binding pteserfor direct

1

N-terminal repeat domain

NAC domain Acidic C-terminal domain

95

A30P
E46K

A53

65
T
T

140

Y 5§ YY
125 129 133 136
Phosphorylation sites

membrane interaction
(Maroteaux and Scheller,

1991; Jensen et al., 1998;

Amphipathic a-helical Region essential for Solubilizing Jo et al., 2000; Fortin et al.,
domain aggregation domain

2004; Kubo et al., 2005).

Binding to phospholipid vesicles Fibrils Chaperone-like activity This domain shares a

natively unfol tructur
Figure 3: Protein domains of huamna-synuclein. This figue is y ded structure

adapted and modified from (Recchia et al., 2004). ) . )
in solution, but under certain

conditions it can shift to am-helical conformation (Clayton and George, 1998; Kahle et al.,
2002). Several studies indicate that association with lipids buisynuclein in an
a-helical structure (Jo et al., 2000; Perrin et al., 2000; Eliezat.,e2001; Chandra et al.,
2003; Jao et al., 2004) accompanied by extensive aggregation anébfinakion (Giasson

et al., 1999; Conway et al., 2000a; Serpell et al., 2000; Lee et al.,; ZB&2¢norn et al.,
2004), suggesting that the membrane-associated conformatiesyaficlein may contribute

to Lewy body pathology in neurodegenerative diseases. The NAGiwdoms highly
amyloidogenic and appears to be essentiabifeynuclein aggregation, which confers to the
protein the ability to undergo a conformational change from randontodgdisheet structure

(Giasson et al., 2001; Recchia et al., 2004), resulting in fibril foomahat are similar to
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that formed from other amyloidogenic proteins (Giasson et al., 208gredf and Irvine,
2002). The role of NAC domain in-synuclein aggregation also was supported by the
observation that the highly homologofissynuclein, which lacks 11 central hydrophobic
residues, fails to aggregate (Biere et al.,, 2000). The C-terragdilc tail has no distinct
structural propensity but has a strong negative charge (George, th@D2¥ believed to
positively regulate solubility ofi-synuclein (Recchia et al., 2004). Bothvitro andin vivo
studies have suggested an inhibitory role for this region on aggregatiessywiuclein
(Crowther et al., 1998; Serpell et al., 2000; Murray et al., 2003; Periquet et al., 2007).
Little is known about the physiological functionsee$ynuclein. However, given the
predominant synaptic location efsynuclein, it may have a role in synaptic plasticity. In
support of this idea, an avian homologueaedynuclein, synelfin is transiently expressed
during early stages of song learning in zebra finch (George, t%l5).a-Synuclein can
bind to acidic phospholipid vesicles (Davidson et al., 1998) and can alsmfuasta potent
inhibitor of phospholipase D by physical interaction (Jenco et al., 1%9@jgesting a
putative role fora-synuclein in regulation of synaptic vesicle recycling. Indeegletien of
a-synuclein in cultured hippocampal neurons or mice exhibited a signifreduction in the
distal pool of synaptic vesicles (Murphy et al., 2000; Cabin et a02)20~urthermore,
significantly enhanced dopamine release at nigrostriatal nateiin response to paired
electrical stimuli was observed msynuclein knockout mice, suggesting thasynuclein
might be an important regulatory component for dopaminergic neurotissiemi
(Abeliovich et al., 2000). Additionally, Ostrerova and colleagues obsehatd-synuclein
shares a 40% homology with a chaperone protein 14-3-3, suggestingsyraiclein may

function as a chaperone protein (Ostrerova et al., 1999). Furthetimeyeglso have shown

www.manaraa.com



19

that a-synuclein is able to bind to and inhibit the activity of protein len& (PKC)
(Ostrerova et al., 1999). PKC plays a central role in the sigaa$duction pathways that
control various cellular processes, and thereéesgnuclein may also be involved in signal
transduction. Finally, in addition to neurotoxicity, there is accunmgagvidence suggesting
that nativen-synuclein plays a beneficial role in the prevention of neurodeggomin vitro
andin vivo (da Costa et al., 2000; Alves Da Costa et al., 2002; Seo et al., 2002 &¢ias,,
2003; Manning-Bog et al., 2003; Albani et al., 2004; Sidhu et al., 2004; Charadra2€05;
Leng and Chuang, 2006; Monti et al., 2007). It has been shown, for exatmngie, t
overexpression of either wild-type humarsynuclein or its AS3T mutant form in mice
completely protected against paraquat-induced neurodegeneration (MBogingt al.,
2003). Anotherin vivo work by Chandra and colleagues revealed thatynuclein can
cooperate with the synaptic co-chaperone, cysteine-string pot¢CSRy), to protect
against injury at nerve terminals (Chandra et al., 2005). Howéweprecise mechanisms
involved ina-synuclein neuroprotective action remains to be fully defined.

Although the process af-synuclein fibrillization appears to be the key pathogenic
event in PD, the mechanism underlyiagynuclein aggregation is still poorly understood.
Current hypothesis fox-synuclein fibrillogenesis is that natively or disordetesglynuclein
monomers become soluble oligomers, also referred to as protofibhish form stable
amyloid-like fibrils and eventually aggregate into LB inclusidiMaries et al., 2003).
Supporting this view is the observation that vitro wild-type a-synuclein itself can
self-aggregate in solution to form amyloid-like fibrils (Reeclet al., 2004; Moore et al.,
2005) and that the oligomeric speciesoedynuclein have been observed in human brain

(Sharon et al.,, 2003). However, it is still not clear which specessponsible for the
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neurotoxicity (Taymans and Cookson, 2010; Cookson, 2005). Some investigators believe
that the oligomers but not the fibrils are toxic based onrtha&tro finding that both A53T

and A30P mutants promote oligomers formation, but only the A53T mutant @®rtie
formation of fibrils (Conway et al., 1998; Conway et al., 2000b). Howevansgenic
overexpression of the protofibrillogenic A30P mutamtsynuclein failed to display
neurodegeneration (Lee et al., 2002b), suggesting that oligomgrsiohde the primary

toxic species. Several mechanisms underlying abnarraghuclein accumulation have been
proposed, including mitochondrial dysfunction, oxidative damage, failure hef t

ubiquitin-proteasome system, and posttranslational modifications (Modre26Gb).

1.2.2.2 LRRK2

The PARKS8 locus encompassindgRrRK2 gene was initially mapped in a large
Japanese family with late-onset autosomal dominant PD (Funayamel., e2002).
Subsequently, two groups concurrently identified mutations withirLRRK2 gene as the
causative gene for PARKS8-linked familial PD (Paisan-Ruizalet 2004; Zimprich et al.,
2004). Since then, six point mutations with definite pathogenicity (R1441G415,
Y1699C, G2019S, 11122V and 12020T) and numerous putative pathogenic mutations have
been identified iLRRK2 gene; both in familial and sporadic cases of PD (Cookson, 2005;
Funayama et al., 2005; Gilks et al., 2005; Nichols et al., 2005; Maka 20@6a; Tomiyama
et al., 2006; Lu and Tan, 2008; Hatano et al., 2009; Haugarvoll and Wszolek, IZRRRP
mutations are the most frequently known cause of autosomal dominanofdamilial PD
(Klein and Schlossmacher, 2007; Mizuno et al., 2008). The knoRRK2 variants are

estimated to account for approximately 2% of sporadic and 10% ofidaflid cases (Berg

www.manaraa.com



21

et al., 2005; Di Fonzo et al., 2005; Mata et al., 2006b). In particulat, RRK2 G2019S
mutation is the best studied and most frequent substitution in theasiaugyopulation,
accounting for approximately 0.5-2.0% of apparently sporadic and 5-6&mdial PD cases
(Di Fonzo et al., 2005; Farrer et al., 2005; Gilks et al., 2005; Kachetgls 2005; Nichols
et al., 2005; Tomiyama et al., 2006). However, the G2019S mutation freqappesrs to
vary with ethnicity (Tan et al., 2005; Lesage et al., 2006), with &eragly high frequency
(30-40%) of familial and sporadic PD patients from North Afilcasage et al., 2006) and
10-30% of Ashkenazi Jews (Ozelius et al., 2006), but very rare found an gesith Africa
and some European countries (Tan et al., 2005; Xiromerisiou et al., 2007;d0kubgtal.,
2008). Additionally, two polymorphic mutations R1628P and G2385R have been found to
confer susceptibility to PD in Asian populations (Funayama et al., Z0855 et al., 2008).
The penetrance of G2019S-associated disease appears tedepageent (Kachergus et al.,
2005), but variations are reported in subsequent reports (Lesage 2£108at.,Clark et al.,
2006b; Goldwurm et al., 2007). The clinical and neurochemical phenotype aitpatith
LRRK2 mutations usually resembles sporadic PD, with neuronal degenesatiompanied
by LB and good a response to levodopa. However, the disease pathckgies quite
variable, even within the same family (Tan and Skipper, 2007). Thdseenmotor neuron
features, pure nigral degeneration without LB, neuronal loss with nuclear ubigaitisions,
neurofibrillary tangles, widespread LBs consistent with DLBD, @awn progressive
supranuclear palsy (PSP)-like tau pathology (Funayama et al., 200@rich et al., 2004;
Gilks et al., 2005; Khan et al., 2005; Giasson et al., 2006; Giordana 20@/f; Hasegawa et

al., 2009; Hatano et al., 2009; Santpere and Ferrer, 2009).
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which belongs to the ROCO protein family and contains multiple dwnérigure 4)

consisting of an N-terminal leucine-rich repeat (LRR) regio@,T&®ase ROC/COR domain,

a mitogen-activated protein kinase kinase kinase (MAPKKK) andr@ial WD40 repeat

Q1111H A1442P IVS33+ 6A>T T2031S8
K544E Q930R S1096C R1441H V1613A 12020T
N3635| 1810V R1067Q R1441C [R1628P | E1874X G2019S
E334K  /VS20 A1151T $1228T R1441G  |Y1699C R1728L M1869V 12012T [G2385R]
A211V +4delGTAA 1122V H1216R R1728H M1869T Y2006H T2356l
S52 M712 11192v 1371V IVS31 L1795F |R1941H| R2143H
E10K| ‘ ‘ +3A>G | T2141M |L2466H
12 6 9 13 18 19 21 23242526 27 29 31 32 3435363738 4041 44 48 50 51
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Ras in complex protein .
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Figure 4: LRRK2 domain architecture and genetic varation in the LRRK2 gene. ARM: Armadillo, ANK:
Ankyrin repeat, LRR: leucine rich repeat, Roc: Rasof complex proteins: GTPase, COR: C-terminal of Roc
MAPKKK: mitogen activated kinase kinase kinase. Figre is adapted from (Lesage and Brice, 2009).

domains (Taymans and Cookson, 2010; Mata et al., 2006a; Lesage and BriceARQGS).
six known pathogenic mutations are located within the catalytitec®f the protein, i.e.,
within the region consisting of GTPase ROC/COR and kinase domaRRKZ. is

abundantly expressed in most brain regions and other tissues {Raigaat al., 2004;
Zimprich et al., 2004), implicating a broad range of cellular functi®hs. normal function
of LRRK2 protein remains unknown, but it may play a role in intratall signaling

according to the presence of both GTPase and kinase domains (Tayrdabsokson, 2010;

Gandhi et al., 2009). In addition, given the fact that best known LRRKZatiteg proteins
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are involved in cytoskeleton and trafficking (Dachsel et al., 200&elat al., 2007; Gandhi
et al., 2008), it is reasonable to speculate that LRKK2 plays arrolembrane trafficking
and axon guidance through the association with lipid rafts (Hatano et al., 2007).

To date, the pathogenic role of LRRK2 is largely unknown, but severaitrm
studies indicate that it may be associated with an increasadekactivity (Gloeckner et al.,
2006; Greggio et al., 2006), suggesting that kinase inhibition may bengsprg therapy for
PD. In addition, recent evidence on the basis of cell culture iexgmtis suggest that the
extrinsic apoptosis involving the Fas-associated protein with death imoma
(FADD)/caspase-8 signaling pathway may contribute todkie effect of LRRK2 mutations
(laccarino et al., 2007; Ho et al., 2009), however, it remains tedr i this is relevant in

Vivo.

1.2.2.3 UCHL1

A heterozygous 193M mutation in théCHL1 gene was identified in a small German
family with autosomal dominant PD (Leroy et al., 1998b). Affedtadily members display
clinical signs similar to those of sporadic PD (Leroy et #998a). As yet no additional
pathogenic mutations IWCHL1 have been reported. Thus, it remains contentious whether
this gene is causative for inherited PD.

UCHLZ1 is a highly abundant and neuron-specific protein, constitutid® bf the
soluble brain protein, and is also a component of LB in brains of spde@d{Wilkinson et
al., 1989; Lowe et al., 1990). This protein belongs to the ubiquitin Csatrhiydrolase
family of deubiquitinating enzyme that is responsible for hydrslg§ipolyubiquitin chain to

free monomeric ubiquitin (Larsen et al., 1996; Larsen et al., 1998). Iicaddo a
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deubiquitinating function, UCHL1 might also function as a dimerizatigreddent ubiquitin
protein ligase (Liu et al., 2002). The mechanism by which the UCkutant causes PD
remains unclear, but the 193M pathogenic mutation exhibits markedlyced ubiquitin
hydrolase activityn vitro (Leroy et al., 1998Db; Liu et al., 2002), suggesting that the impaired
polyubiquitin hydrolysis leading to a reduction in free ubiquitin monoraedsaccumulation

of potentially deleterious proteins, might contribute to PD pathogenesis.

1.2.2.4 Parkin

Mutations in theparkin gene were originally identified in Japanese families with
autosomal recessive juvenile-onset parkinsonism (AR-JP) (Ishikaavdsuji, 1996; Kitada
et al., 1998). Subsequent studies have identified a wide varigigrkih mutations in PD
cases, including point mutations, exonic rearrangements, deletions@iwdtions (Lucking
et al., 2001; Tan and Skipper, 2007). To date, more than 100 diffardat mutations have
since been identified (Tan and Skipper, 200P3ckin mutations are the most commonly
known cause of autosomal recessive early-onset PD (Mizuno et al., 28@8)o et al.,
2009), accounting for about 50% of the familial and 20% of the sporadicaeét PD
cases (Lucking et al., 2000). In genegarkin-proven disease has typical signs of PD but
with an earlier age of diseases onset (typically before d46s)edystonia at onset, a slower
diseases progression, and a dramatic response to levodpa manipiilatiorann et al.,
2003). However, several mutations arkin may lead to a clinical presentation
indistinguishable from typical late-onset idiopathic PD (Abbas et al., 198 Kt al., 2000;
Foroud et al., 2003; Oliveira et al., 2003; Hatano et al., 2009). The patdabltentures of

parkin-associated parkinsonism include typical loss of nigral neuronsnai@rate loss of
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neurons in the locus coeruleus region (Mori et al., 1998). However, LBsaadly absent
(Mizuno et al., 2001b; Mizuno et al., 2001a; Mata et al., 2004). Nevertheless, for the sporadic
forms of PD, parkin has been identified as a component of LB.

Parkin is a 465-amino acid protein and primarily expressed icghtal nervous
system, which has a modular structure (Figure 5) consisting of iguaituizlike (UBL)

domain at the N terminus, a RING-box domain at the C terminus, el linker region

(von Coelln et al.,
1 79 28 203 314 M8 449 465
| 2004). The presence of
UBL RING1 IBR RING?
bt br temtt ot UBL and RING-box
VISM P37L  ABZE K161N Te40R  G284R  (328E A398T
R42P M192v T240M C289G  R334C T415N . . .
Ad6P KR CBW T351P 430D domains implicates a
K211N R256C C431F
ca12y R275W P43T7L . .
D2BON CUTR role for parkin in the

ubiquitin  proteasome
Figure 5: Functional domains of parkin protein andpathogenic mutations in the
parkin gene. This figure is adapted from (Moore et al.,@)5).

system (UPS). Indeed,
parkin has been found to function as an E3 ubiquitin protein ligase (Shimaka 2000;
Zhang et al., 2000b) that ubiquitinates unnecessary, damaged or misfobdeidsprand
eventually triggers their degradation by the 26S proteasomes pecotaplexes (Glickman
and Ciechanover, 2002). To date, a number of putative targets for p&Ritigase activity
have been identified, including a ra@glycosylateda-synuclein (Shimura et al., 2001),
CDCrel-1 (Zhang et al., 2000b), CDCrel-2 (Choi et al., 2003), the paskwbcamted
endothelin like receptor (Pael-R) (Imai et al., 2001), synphilinHu(Q@ et al., 2001b), cyclin
E (Staropoli et al., 2003), programmed cell death 2 (Fukae et al.,,28069)38 subunit of
the aminoacyl-tRNA synthetase complex (Corti et al., 20€08)tubulin (Ren et al., 2003),

and synaptotagmin XI (Huynh et al., 2003), as well as parkin itSélimura et al., 2000;
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Zhang et al., 2000b). Interestingly, some of these substratesnagisyproteins, suggesting
a role of parkin in synaptic function (Fallon et al., 2002). Additionallyole for parkin in
maintaining mitochondrial function and preventing oxidative stresb&as demonstrated in
parkin-deficient mice and drosophila models (Greene et al., 2003; Palacialo €004;
Hatano et al., 2009). Consistent with this view, a neuroprotective danatiparkin is well
established on the basis of bath vivo andin vitro experiments (Moore et al., 2005;
Casarejos et al., 2006; Vercammen et al., 2006; Schiesling et al., 2088ugh the precise
mechanisms remain unclear, it appears that deleterious actiomuwaifitoxic substrates as a
consequence of parkin E3 ligase function loss, may at lealt @gotain the pathogenesis in
parkin-associated parkinsonism (Moore et al., 2005). In support of tptHesis, some
parkin’s substrates have been shown to be neurotoxic when overexphessest al., 2001;
Corti et al., 2003; Dong et al., 2003; Yang et al., 2003). In addition, paykimrettion has
also been implicated in the pathogenesis of sporadic PD based ontttiefdanctions of
parkin can be altered by a wide array of oxidative stresswehiding rotenone, MPP
paraguat, nitric oxide and iron, as well as dopamine (Chung et al., 2@04etYal., 2004;

Wang et al., 2005a).

1.2.2.5 PINK1

PINK1 mutations were initially identified in a large Italian faniith an autosomal
recessive form of PD (Valente et al., 2001). Since then, more thaatB0genicPINK1
mutations have been identified (Hatano et al., 2009). These mutatiolsleinpoint
mutations, as well as insertions and deletions that resultnme$taift and truncation of the

protein (Atsumi et al., 2006; Exner et al., 2007). MutationBIMK1 gene were estimated to
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account for 1-8% of familial or early onset PD (Klein and Sd@ntacher, 2007), and as such,
PINK1 mutations are the second most commonly known cause of autosonssivedeD,
after parkin mutations (Hatano et al., 2004a; Valente et al., 2004bXxlifircal phenotype of
PINK1-associated PD resembles sporadic PD with rare atypmialrés such as dystonia at
onset and dementia similar to those with parkin mutations (Hataag €004b; Valente et
al., 2004b; Valente et al., 2004a; Steinlechner et al., 2007). It is ewt whether LB are
present in this PINK1l-linked disease, since no neuropathological examinaf
homozygous pathogenic mutation has been reported (Hardy et al., 2009).

PINK1 gene encodes a ubiquitously expressed 581-amino acid protein thansonta
an N-terminal mitochondrial targeting motif, a catalytiars®'threonine kinase domain and a
C-terminal autoregulatory domain (Valente et al., 2004b; Silvesal.£2005). Numerous
studies, bothn vitro andin vivo, have demonstrated that PINK1 is a mitochondrial kinase,
suggesting a role for it in mitochondrial dynamics (Silvestial., 2005; Gandhi et al., 2006;
Haque et al., 2008). Indeed|NK1 knockout models in drosophila exhibited mitochondrial
abnormality and increased oxidative stress similar to those w&é parkin-deficient
drosophila (Clark et al.,, 2006a). More interestingly, the mitochondiyafudction in
PINK1-deficient drosophila can be rescued with parkin, indicating that PI&ts upstream
of parkin in a common pathway that maintains the normal function othondria (Clark et
al., 2006a; Park et al., 2006; Poole et al., 2008). As for parkin, PINi§lisareported to be
neuroprotective, implicating its role in sporadic PD (Schieskbgal., 2008). As most
pathogenic mutations are in the serine/threonine kinase domain, disruptioa BINK1

kinase activity is believed to the most probable mechanism rebpofmi PINK1-associated
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parkinsonism (Abou-Sleiman et al., 2006). Clearly, further analysisquired to elucidate

the precise role of PINK1 in nigral neuronal loss in PINK1-linked PD.

1.2.2.6 DJ-1

Mutations inDJ-1 were first identified in one Dutch family with autosomal reoes
early-onset PD (van Duijn et al., 2001). Additional mutations includmgsense, exonic
deletions, and splice site alterations were further identiBechifati et al., 2003; Bonifati et
al., 2004; Hering et al., 2004). Ti®J-1 mutations are extremely rare, accounting for less
than 1% of early-onset PD cases (Clark et al., 2004; Lockhait,e2084). In general,
patients withDJ-1 mutations exhibit a clinical presentation similar to thatavkin or PINK1
mutations-associated parkinsonism (Hatano et al., 2009). BikdK1l mutations, a
neuropathological investigation has not yet been reported, and foedélsisnr it is not clear
whether the LB phenotype is present in this disorder (Hardy,e2G£19). Although DJ-1 is
not an essential component of LBs, it appears to be consistenthalcaocwith neuronal
tau-positive inclusions and glial cytoplasmic inclusions (Neumarah.,e2004), providing a
link between DJ-1 and distinct neurodegenerative diseases.

The DJ-1 gene encodes a highly conserved 189-amino acid protein that can form a
dimer and belongs to the DJ-1/ThiJ/Pfpl superfamily. ExpressiobJet protein is
ubiquitous in most mammalian tissues. In the human brain, it predoiyitatalizes into
astrocytes, with little localization in neurons (Bandopadhyay .et2804). In cells, it is
mainly distributed in the cytoplasm, with smaller amounts assatiaith mitochondria
(Zhang et al., 2005). The normal functions of DJ-1 remain elusiieuglh many lines of

evidence suggest that DJ-1 can serve as a redox-sensitive cleapeaonanti-oxidant that is
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involved in mitochondria protection against oxidative stress (Hatanal.et2009).
Furthermore, DJ-1 can also function as a direct scavenger of (R&@f& et al., 2004).
Consistent with these findings, DJ-1 confers neuroprotection aganastga of oxidative
stress (Aleyasin et al., 2010; Moore et al., 2005). However, thdas@ramechanism
underlying the neuroprotective action of DJ-1 awaits furtheificiaiion (Aleyasin et al.,
2010). In addition, several studies suggest that it may possesperate-like activity and
proteolytic activity (Lee et al., 2003; Olzmann et al., 2004). Impogtabtl-1 may play an
important role in the sporadic forms of PD, since analysis o$ploeadic PD brain revealed
oxidative damage to DJ-1, as well as a dramatic increa$e iD3-1 protein levels (Choi et
al., 2006a; Waragai et al., 2006). The mechanism of DJ-1 function los$1raBsociated
parkinsonism is not clear. So far, the L166P mutant is the best sidlidnutation, which
destabilizes the DJ-1 proteins through the impairment in theityatnl self-interact, and
eventually enhances their proteasome-dependent degradation (Maced@@ 3l Miller et

al., 2003; Moore et al., 2003).

1.2.2.7 ATP13A2

ATP13A2 mutations were first identified in a Jordanian family with cgomal
recessive early onset parkinsonism known as Kufor Rakeb diseasegRatral., 2006). As
yet no pathological examinations have been reported. This gene endgslesoanal type 5
P-type ATPase and is presumed to be located in the lysosome (Lesageand@®®). How
the loss-of-function mutations to ATP13A2 cause PD pathogenesisneesglasive, but the
interference with localization of this protein into lysosome legdo lysosomal dysfunction

appears to be involved (Hatano et al., 2009).
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1.3 Disease pathogenesis
In spite of decades of intense research, the precise pathisgehd3D remains
unknown. However, several pathogenic mechanisms underlying developnikatditease,

including oxidative and nitrosative stress, mitochondrial dysfunctiorpaimment of
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Figure 6: Potential mechanisms involved in the del@pment of PD. Adapted from Brown et al. (2006).

ubiquitin-proteasome system, apoptosis, inflammation and excitdigxibiave been
proposed (Mattson, 2000; Chung et al., 2001a; Vila and Przedborski, 2003; AboarSétim
al., 2006; Olanow, 2007; Tansey et al., 2007; Burke, 2008). Currently, the aofiprit
dopamine neuron loss in PD is likely to be a combination of muitipéelinking pathways
(Figure 6), called the “multiple hit hypothesis,” rather than &yung mechanism (Obeso et

al., 2010; Sulzer, 2007).
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1.3.1 Oxidative stress and mitochondrial dysfunction

Oxidative stress has long been implicated in the process of neunedaiyen in PD
pathogenesis. Oxidative stress, arising from excessive productieR@®8fand/or defective
ROS removal, can potentially damage cellular lipids, proteins, arl BPhNstmortem studies
have consistently observed high levels of oxidation of lipids, proteigsnadeic acids in
the SNc of sporadic PD brains (Dexter et al., 1989b; Yoritakh, €i9%96; Alam et al., 1997;
Floor and Wetzel, 1998; Jenner, 2003; Tsang and Chung, 2009). Also, signifieeattcals
of the antioxidant defense system, in particular reduced glutathi@n&uad in the SNc of
PD patients (Sian et al., 1994). Mitochondrial respiratory chaimeisrajor source of ROS,
in particular the hydrogen peroxide and superoxide anions (MigliateCappede, 2009). In
the presence of ferrous iron, these ROS can be converted to even neoteRiE, such as
the hydroxyl radical and hydroxyl anion (Chinta and Andersen, 2008; \Wauer, 2008).
Not surprisingly, the level of iron is significantly increasedhe SNc of PD brains (Sofic et
al., 1988; Dexter et al., 1989a; Riederer et al., 1989; Jenner and OE®®@&Y, Apart from
being the main source of increased oxidative stress in PD braittgshondrial function
itself also can be affected by oxidative stress (Cardost,el9®9; Cadenas and Davies,
2000; Cecarini et al., 2007), which further takes part in the acctionulaf ROS and
mitochondrial damage in a vicious cycle. In this context, the fesdfdrmechanism appears
to be a common mechanism underlying neuronal cell death in neurodégendiseases. In
addition to mitochondria, auto-oxidation of dopamine, a reaction known toragene
superoxide and hydrogen peroxide, as well as reactive dopamine quispgrestically
contributes to the cellular ROS in dopaminergic neurons (LaVoie aaslirigs, 1999;

Hastings, 2009). This dopamine-dependent oxidative stress is suggeptatially explain
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the selective vulnerability of dopaminergic neurons in PD. Another itapocontributor of
oxidative stress is nitric oxide (NO), which is generatednltyic oxide synthase (NOS)
(Jenner, 2003). Reaction of ROS with NO produces highly toxic reanttvogen species
(RNS), such as the peroxynitrite and nitro-tyrosyl radi¢Zlsang et al., 2000a). Besides
damaging cellular proteins, lipids, and DNA, oxidative stress @soactivate a variety of
effector pathways including ERK, JNK, PI3K/Akt, NiB, p53, PKC, caspases and Bcl-2
family members, as well as inflammation, contributing to the doeas processes that lead
ultimately to cell survival or cell death (Finkel and Holbrook, 208a8rtmann et al., 2000;
Hartmann et al., 2001a; Hartmann et al., 2001b; Beal, 2003; Kanthasaimy2803a; Perier
et al., 2005; Loh et al., 2006; Mattson, 2006; Perier et al., 2007).

Over the last several decades, mitochondrial dysfunction isidalywaccepted
pathogenic pathway contributing to PD pathogenesis. There is considevaddece for
mitochondrial dysfunction in the brains of PD patients. Impairmebofplex | activity of
the mitochondrial electron transport chain has been detected inNithyeskeletal muscle,
lymphocytes, and platelets of patients with PD (Mizuno et al., 1988ePat al., 1989;
Schapira et al., 1989; Yoshino et al., 1992; Barroso et al., 1993; Mann et al., 1994; Haas et al.,
1995; Penn et al., 1995; Blandini et al., 1998). Increased oxidation of cohgullexnits and
reduced rates of electron transfer through complex I, asasathiisassembly of complex I,
were also demonstrated in PD brains (Keeney et al., 2006). It isortdtg that a significant
reduction in complex | activity was recently reported in putifreitochondria isolated from
PD frontal cortex (Keeney et al., 2006; Parker et al., 2008; NavadoBaveris, 2009),
which may contribute to impaired cognition in PD. Moreover, in@@asatDNA deletions

were detected in nigral neurons in PD brains (Bender et al., 20@6pugh no pathogenic
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mutations in mtDNA have as yet been reported, a specific polynsonpin the gene

encoding NADH dehydrogenase 3 (ND3) of complex | was shownatb tie a significant

decrease in the risk of PD (van der Walt et al.

, 2003).

Further evidence for involvement of mitochondrial dysfunction and oxidatiesssin

PD comes from epidemicological studies using the environmental MiXirP that results in

an acute and irreversible parkinsonism in human and non-human pritateston et al.,

1983). MPTP (Figure 7) is a lipophilic molecule that can easdgscthe blood-brain barrier

and be metabolized to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDPx reaction

catalyzed by the monoamine oxidase B (MAOB) in glial cellBhis unstable metabolite is

Blood |

\transporter .

| bz Vo \"‘_ \

Vesmular »
monoamine Y
transporter

Figure 7: The MPTP metabolism. Adapted from Vila ard

Przedborski (2003).

further metabolized to the
pyridinium ion  (MPP,
1-methyl-4-phenylpyridiniu
m iron), the active toxic
compound (Langston et al.,
1984; Markey et al., 1984).
MPP" then is selectively
taken up by the dopamine
neurons via the dopamine
transporter (DAT), where it
is concentrated in

mitochondaria, causes the

complex | defect and in turn produces ROS, activating microglial@ading ultimately to

cell death (Javitch et al.,

1985; Nicklas et al.,

1985; Ramsal, €it986; Przedborski et al.,
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2001; Kotake and Ohta, 2003; Schober, 2004; McGeer and McGeer, 2008).chPRIso
be taken up by the dopaminergic synaptic vesiglasvesicular monoamine transporter 2
(VMAT2) (Del Zompo et al., 1991, 1992; Peter et al., 1994). This uptake amase the
cytoplasmic distribution of dopamine, leading to increased dopampendent oxidative
stress (Lotharius and Brundin, 2002). A number of downstream apoptotic evantsd
responsible for MPTP-mediated degeneration of SNc neurons hawerdesaled. These
include NkB-dependent transactivation of INOS (Carbone et al., 2009), up-regutHtion
JNK (Saporito et al., 1999) and Bax (Vila et al., 2001), release toclupme c¢ and
activation of caspase-3 and caspase-9 (Viswanath et al., 2001). loradditMPTP, a
variety of pesticides with related properties, such as rotepanaguat, dieldrin, and maneb,
also have been extensively investigated. It appears that thiksé toxins exhibit a common
feature, i.e., inhibition of mitochondrial respiratory chain and productiaxiofative stress
(Brown et al., 2006; Migliore and Coppede, 2009). Consistent with this aetioxidants
can be used to ameliorate their toxicity (Suntres, 2002; Uversky, 2084hoteworthy that,
unlike MPTP and paraquat, rotenone is uniformly distributed throughoutdhre but it still
results in selective loss of SNc neurons (Bove et al., 2005; Miller et al., 2009).

The identification of PD-linked genes in the last decade has fustigrorted the
relevance of mitochondrial oxidative stress and dysfunction in PBoganesis. Indeed,
these genes, includingsynuclein, parkin, DJ-1, PINK1, LRRK2, andHrtA2, either directly
or indirectly link their pathogenic roles with mitochondrial dysfumetiand subsequent
oxidative stress. Post-translational modifications ce$ynuclein, such as nitration and
oxidation, increase-synuclein propensity to aggregate (Giasson et al., 2000; Yamin et al

2003; Hodara et al., 2004; Glaser et al., 2005; Uversky et al., 2005nde€r@anowski,
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2006). Moreover, nitrated and oxidized formsaedynuclein have been found commonly in
Lewy bodies (Giasson et al., 2000; Ischiropoulos and Beckman, 2003; Navarroas B
2009), implicating that oxidative stress may play a role in tnedtion of LB inclusions.
Recently, the nitrated form efsynuclein has been shown to be more toxic to dopaminergic
neuronsin vitro and in vivo, suggesting that oxidation/nitration afsynuclein might be
relevant to PD pathogenesis (Yu et al., 2010). In addition, sewen&lo studies have shown
that auto-oxidation of dopamine can modulate the aggregatiomsghuclein possibly
through the formation of the-synuclein-dopamine quinone adducts that retain an unfolded
conformation and thus inhibit fibril formation (Conway et al., 2001; lalet2005; Norris et

al., 2005; Leong et al., 2009). There is also evidence to suggesi-siyaticlein has a
neuroprotective function protecting neurons against oxidative stressigthrdistinct
pathways (Hashimoto et al., 2002; Quilty et al., 2006). Accumulatirderge also suggests

a close connection betweersynuclein and mitochondria. In neurotoxin-treated cellular and
animal models, complex | defects consistently causes selectiventhgpgic degeneration
with associatedr-synuclein-positive inclusions (Forno et al., 1988; Betarbet et al., 2000;
Manning-Bog et al., 2002). In additiom vitro andin vivo overexpression of wildtype or
mutant a-synuclein can lead to a variety of mitochondrial alterationsh sisc decreased
mitochondrial membrane potential, oxidation of mitochondrial proteins, eatcen of
effects of mitochondrial toxins, and ultrastructural abnormalisieggesting thati-synuclein
might play a role in mitochondrial function (Hsu et al., 2000; Taktial., 2000; Song et al.,
2004; Poon et al., 2005; Stichel et al., 2007; Parihar et al., 2009). Intdsestitigough
debated, it has been proposed tiralynuclein can be localized into mitochondria (Li et al.,

2007; Nakamura et al., 2008; Shavali et al., 2008; Zhang et al., 2008). Rebenil and
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colleagues located a cryptic mitochondrial targeting signahe¢oNi-terminal 32-amino acid
region ofa-synuclein, and they also reported that mitochondrial accumulatiessyrfiuclein
resulted in mitochondrial dysfunction and increased ROS generatievi €D al., 2008).
They concluded that the accumulationee$ynuclein in mitochondria might be relevant to
PD pathogenesis since an enhanced levelfnuclein was found in SNc and striatum of
PD brains compared to healthy control brains. The mitochondadalitation ofa-synuclein
might be dependent on intracellular pH, and under some pathological coadguch as pH
changes during oxidative stress, mitochondrial accumulatior-®fnuclein might be
significantly enhanced (Cole et al., 2008). Further studies are needkcidate the precise
functions ofa-synuclein in the regulation of mitochondria functions.

Additionally, other genes linked to familial PD have been impddain the
mitochondrial function and stress resportsaitrosylated form of parkin is detected in LBs
of PD brains (Chung et al., 2004), further implying a role of oxidatitrefive stress in LB
formation. TheS-nitrosylation of parkin can negatively regulate its E3 ligasieiagGtwhich
may contribute to the accumulation of misfolded proteins (Chung et al., 2@@4et al.,
2004). Parkin could also be covalently modified by dopamine, resulting ifogseof its
activity (LaVoie et al., 2005). Although largely present in theosgt, parkin can be found
within mitochondria or associated with the outer mitochondrial membuader certain
conditions (Shimura et al., 1999; Darios et al., 2003; Kuroda et al., 2006)pl&llihes of
studies have suggested that parkin plays a key role in maintaining mitochartdgaty and
function. Mitochondrial abnormalities have been noted in both parkin-knockodit a
parkin-mutant transgenic mice and files, as well as in leukedyten PD patients with

parkin pathogenic mutations (Greene et al., 2003; Muftuoglu et al., 20GEirakt al.,
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2004; Stichel et al., 2007; Wang et al., 2007; Mortiboys et al., 2008). Fadhes Riparbelli
et al. reported that in files functional parkin is required for prog&ychondrial organization
and morphology throughout spermatid development (Riparbelli and Callaini, 2007).
Deficiency in PINK1, a mitochondrial kinase, also leads to mitochandbnormalities in
files (Clark et al., 2006a). Interestingly, PINK1 and parkin appge act in a common
pathway in PD pathogenesis because overexpression of parkin caa PdsIK1-null linked
damage (Clark et al., 2006a; Park et al., 2006). Moreover, the mitocioallnormalities
due to the loss function of parkin or PINK1 can be rescued by knockdowrnaodfism, optic
atrophy 1, or overexpression of dynamin-related protein 1 (Derg 20@8). These proteins
are associated with mitochondrial fusion and fission, thus lending swgport to the
hypothesis that parkin and PINK1 are important for mitochondrial functionyidal-1 can
function as an anti-oxidant, and interestingly, oxidative stressodec@mplex | inhibition can
enhance the mitochondrial localization of DJ-1 (Canet-Aviles.e2804), which indicates
that DJ-1 may also play a role in mitochondrial function. Howevappears that DJ-1 does
not function within the PINK1/parkin pathway, since overexpression Bfl @ould not
rescue the mitochondrial abnormalities in parkin- or PINK1-deftdiees (Yang et al., 2006;
Exner et al.,, 2007). It is noteworthy that parkin, PINK1, and DJ-kedms to play an
important role in cell protection against a wide spectrum oéssars, including
mitochondrial dysfunction and proteasome inhibition, etc. (Canet-Aetlas, 2004; Taira et
al., 2004; Valente et al., 2004b; Kim et al., 2005; Menzies et al., 2005;ePat., 2005;
Moore, 2006; Paterna et al., 2007; Winklhofer, 2007; Haque et al., 2008; Wood-Katzma

al., 2008).
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1.3.2 Impairment of the ubiquitin-proteasome system

Emerging evidence suggests a key role for the ubiquitin-proteas@teensf{lJPS) in
the molecular pathogenesis of PD. In fact, the presence of insolidxjuitin-positive
proteinaceous aggregates or inclusion bodies is a common pathologtoa¢ imahuman
neurodegenerative disorders (Kopito, 2000; Goldberg, 2003; Ross and Poirier, T2304).
UPS plays a pivotal role in degrading mutant, damaged, or misfoittedellular proteins
that could otherwise form potentially deleterious aggregatesdb@®aj, 2003; Cook and
Petrucelli, 2009). Ubiquitination is accomplished by posttranslational @avebnjugation of
ubiquitin polypeptide to a lysine residue in specific target protdimough an
ATP-dependent enzymatic pathway (Hershko and Ciechanover, 1998). Proteitindtiqui
is catalyzed by a series of enzymatic steps involving an E¢ateg enzyme, an E2
conjugating enzyme, and an E3 ligase that typically confersifgjity to the ubiquitin
machinery (Lydeard and Harper, 2010). The polyubiquitinated prodeeshen targeted to
the 26S proteasome for degradation. The 26S proteasome consists of daB@fs care
particle and a 19S regulatory particle (Hershko and Ciechanover, 1i@@8rtRand Cohen,
2004; Mukhopadhyay and Riezman, 2007). Polyubiquitin chains released from targe
proteins are subsequently disassembled into monomeric ubiquitin throughc@orre
catalyzed by deubiquitinating enzymes (Wilkinson, 1997). Thereforesctdefn either
ubiquitination or the 26S proteasome may lead to the accumulation amgdjagmn of toxic
proteins eventually resulting in neurodegeneration as seen in PD.

The first indication of protein misfolding in the pathogenesis ofiftbe presence of
intracytoplasmic proteinaceous inclusions together with the accuamulaef oxidatively

damaged, denatured, mutated, or misfolded proteins known as LB in thef $hust PD
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brains, although the relevance of LB formation to nigral neuronal deahll uncertain
(Pollanen et al., 1993; Forno, 1996). LB are composed of a variety drfdeabiquitinated
proteins, including ubiquiting-synuclein, parkin, proteasome subunits, UCHL1, torsin-A,
synphilin-1, chaperons and neurofilaments (Lowe et al., 1990; Forno, 1996l £997;
Spillantini et al., 1998; Shimura et al., 1999; Shashidharan et al., 2000pb&yakai et al.,
2000; Shimura et al., 2001; Auluck et al., 2002). In particular, the accumulation
ubiquitinated proteins in LB indicates an overwhelming of the UPBsw of function in
proteasomal protein degradation in the PD pathogenesis. Congistéhtlthis hypothesis,
postmortem studies have detected both structural and functional irep&rof the UPS in
the SNc of PD brains (McNaught and Jenner, 2001; McNaught 208R2; McNaught et al.,
2003). Moreover, systemic administration of proteasome inhibitors atdocan lead to the
selective loss of SNc dopamine neurons, as well as the formaftiLB-like inclusions and
recapitulate many key features of sporadic PD (McNaught,e2G04; Miwa et al., 2005;
McNaught and Olanow, 2006). However, whether UPS dysfunction iis Bprimary cause
or a secondary effect remains a matter of debate. As the ubigroteasome pathway is
ATP-dependent, impairment of UPS might be a consequence of the orhibitcomplex |
activity and/or oxidative damage. In addition, the role of proteasahibition in the PD
pathogenesis is still controversial. Several in vivo studies usinggsaie inhibitors failed
to show loss of nigral neurons (Bove et al., 2006; Kordower et al., 2006)t@kidgly,
there is also data demonstrating that proteasome inhibition can prwieeroprotective
effect against a variety of insults both in vivo and in vitro l{ipsiet al., 2000; van Leyen et

al., 2005; Yamamoto et al., 2007; Maher, 2008; Oshikawa et al., 2009).
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The most compelling evidence linking UPS with the degeiograf nigrostriatal
dopamine neurons in PD is the identification that mutatiomsrkin gene represent one of
the most commonly known genetic causes of early-onsgKitBda et al., 1998). Parkin is
a member of the E3 ubiquitin ligase family, and seveuhisgates of parkin have been
identified (Poole et al., 2008). It is currently thought thathogenic parkin gene mutations
cause loss of ubiquitination activity, leading to the abnomwalmulation of toxic proteins
and neurodegeneration (Lesage and Brice, 2009). In additiossamse mutation (193M) in
the UCHL1 gene has been identified in a few rare familial RBes (Leroy et al., 1998b),
although the relevance of the 193M mutation in PD i$ stihtentious. UCHL1 belongs to a
family of deubiquitinating enzymes and the 193M mutant displayfuaed ubiquitin
hydrolase activity, suggesting that a defect in polyubiquitidrélysis might also lead to
impaired clearance of abnormal proteins and consequent neurodegen@ratmnet al.,

1998b; Liu et al., 2002).

1.3.3 Apoptosis

Apoptosis has been widely implicated in dopaminergic neuron de&b a@fithough
there is still debate on it (Mattson, 2000; Vila and Przedborski, 2003iallini efforts
focused on apoptotic cells in postmortem brains of PD patients intempa to identify
morphological and biochemical markers of apoptosis (Mochizuki et &86)19dT-mediated
dUTP digoxigenin nick end labeling (TUNEL), which is considered tthieemost sensitive
method for detect fragmentated DNA in situ, was the main appreseth for these studies,
and it was demonstrated that increased numbers of TUNEL-positive oh@pgit neurons

exist in the postmortem brains of PD patients. Further studiessabwed the activation of
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different initiator and effector caspases, including caspase-#&d9-3 in the brains of PD
patients (Hartmann et al., 2000; Hartmann et al., 2001b; Viswanath 20@1), although
other studies failed to find such activation (Banati et al., 1998ingetl 2000). The
controversy of these results makes the involvement of apoptosis stilPdebatable. It has
to be considered that postmortem brain samples of PD patientuzlty g the last stage of
disease, when most dopaminergic neurons are already lost and apcdpoges may not be
detected at all (Vila and Przedborski, 2003). To bypass this problanyimvitro cell and
in vivo animal models of PD have been developed. Among these models, the MREE m
model has been extensively used in all aspects of studies ofr&&lljBrski and Vila, 2003).
In this mouse model, damage of complex | of mitochondria respiratony chaubstantial
nigral dopaminergic neurons was observed, which also existed in theopwestmbrain
samples of PD patients (Gluck et al., 1994). Together with ele\R@% generation and
perturbation of calcium homeostasis after MPTP administratemk$dn-Lewis et al., 1995),
mitochonadial respiratory chain damage was thought to be the esahys triggering the
intrinsic apoptotic pathway in dopaminergic neuron death. Substantialnegiddso has
demonstrated all major events of an apoptotic intrinsic pathwayding cytochrome C
release, caspase-3 activation and further cell death aftePMBministration. In addition to
the clear evidence of a role for apoptosis in neurotoxin models, andveaimeontroversial
evidence from human postmortem studies, there is abundant evidencoriatof the
genetic causes of PD, includingsynuclein (Manning-Bog et al., 2003; Sidhu et al., 2004;
Chandra et al., 2005; Machida et al., 2005; Leng and Chuang, 2006), parkos (Eiaal.,
2003; Jiang et al., 2004; Machida et al., 2005), PINK1 (Petit et al., 2005Fakreau et al.,

2007), and DJ-1 (Canet-Aviles et al., 2004; Junn et al., 2005; Xu et al., 209%ljretly
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and primarily involved in the regulation of apoptotic pathways. Takegether, apoptotic
death was strongly implicated in dopaminergic neuron and then thegeaesis of PD.
However, the selective death of nigral dopaminergic neurons inuggests that specific
factors in signal pathways or regulatory mechanisms of apomtetth, other than general
intrinsic apoptotic pathways, may exist and contribute to the seleapoptotic death of

dopaminergic neuron.

1.4  Protein Kinase C delta
1.4.1 Protein Kinase C delta activation and its role in PD

The protein kinase C (PKC) family is one of the major sehnedinine protein kinase
families fulfilling the protein phosphorylation, and thus mediating differelhilae processes,
including proliferation, differentiation, survival and apoptosis (Gschiyetp9). PKC was
first identified in 1977 by Nishizuka and co-workers as a nucleatidependent and
calcium-dependent serine kinase (Inoue et al., 1977). This fanabmgosed of at least 11
isoforms that are further divided into three groups based on theatwstuand mode of
stimulation. The conventional PKCsx,(Bl, BIl, y) are activated by the binding of
diacylglyerol (DAG) in a calcium-dependent manner, whereas the RKEs ©, ¢, 1, 0)
require DAG, but not calcium, for their activity. The atypical BK 1, ) do not respond to
either DAG or calcium for activation (Churchill et al., 2008). RKC isoforms are
composed of an N-terminal regulatory domain and a C-terminalyttatdomain that are
separated by a flexible-hinge V3 region (Newton, 1995a). Thaatgy domain contains
two conserved regions, C1 and C2, as well as a pseudo-substrate ttegi mimics a

substrate and interacts with the substrate-binding cavity in tatt@adomain, keeping the
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protein inactive within the cytosol (Soderling, 1990; Liu and Heckman, 1998).the
conventional PKCs, binding of calcium and DAG to the C2 domain and thdizgee-rich
region of the C1 domain, respectively, leadsthe release of the autoinhibition and
subsequent activation of the enzyme (Newton and Johnson, 1998; Newton, 2003cKThe |
of the amino acids essential for a functional calcium-bindingigit€2 domain confers
calcium independence to novel PKCs. The catalytic domain is compoexaaiserved C3
and C4 regions, which function as the catalytic ATP binding site arabéicatalytic site,
respectively (Newton, 1995b). The flexible-hinge V3 region has beenfiddrds a target
for caspase-dependent cleavage (Steinberg, 2008)06 RE&: Figure 8 for its domain
structure), a member of the novel PKC subfamily, was fistadiered by Gschwendt et al.

(Gschwendt et al., 1986). Consistent with other PKC isoforms gRi§@sists of a regulatory

Regulatory domain Catalytic domain domain (N-terminus) and a
52 1565187 311332 512565 iyt . . .
Y YY vy YY [ signacniazs | catalytic domain (C-terminus).

c
The PK@ regulatory domain,

Pseudosubstrate 5'65 64% %62
Caspase-3cleavagesite ~—————— lacking an authentic C2 region,

Phosphorylation motif sites

Figure 8: Domain structure of PKCs. onIy has a C2-like region thus

explaining its inability to be activated by calcium. Also, a pseudsstrate sequence is
located between the C2-like and C1 region, which is proposed to keepziyraesin an
inactive conformation.

Like other conventional and novel PKC isoforms, BKE primarily activated by a
lipid-mediated mechanism involving its translocation from cytosohémbrane. In addition,
two other pathways of PKX activation have been elucidated: phosphorylation and

proteolytic activation (Kikkawa et al., 2002a; Brodie and Blumberg, 2003)adt been
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reported that phosphorylation of Thr-505, Ser-643, and Ser-662 in activation loop ca
increase PK@ kinase activity (Toker, 1998). In contrast to the phosphorylation of Thr/Ser
sites, tyrosine phosphorylation at tyrosine residues Tyr-52, Tyr-156184 Tyr-311,
Tyr-332, and Tyr-565 has also been implicated to modulatingdPd@ivity (Gschwendt,
1999). A range of stimulus has been reported to induce the tyrosine phosphorylatiorsof PKC
(Kikkawa et al., 2002a). For example, treatment with the known oxidatress-inducing
agent hydrogen peroxide £8,) was reported to cause Tyr-311 and Tyr-332 phosphorylation
of PKGS (Konishi et al., 2001). We have found that under certain stimuO4{H the
phosphorylation of Tyr-311on PKs particularly important for the proteolytic activation of
PKGCs in dopaminergic neurons (Kaul et al., 2005b). Because multiple tyrossidties on
PKCS can be phosphoylated by upstream kinase, the effect of tyrosine phistibiomay
vary depending on both the position of phosphoylated-tyrosine and thdicspedular
context. Another activation mechanism of RK(roteolytic activation, was discovered
recently. This caspase-3-mediated cleavage of P¥i€lds 41-kDa catalytically active and
38-kDa regulatory fragments. The proteolytic activation of BPK@s been implicated in
apoptosis in many cell types (D'Costa and Denning, 2005; Rydr, &085; Choi et al.,
2006b). Our recent studies have characterized a critical roldhdocaspase-3-dependent
proteolytic activation of PKE in oxidative stress-induced dopaminergic cell death in cell
culture models of PD. In rat mesencephalic dopaminergic neuroRél dgll models,
exposure to dopaminergic neurotoxins, such as inorganic manganese(inaycandane et
al., 2005), an organic manganese containing the gasoline additive, MMihtraram et al.,
2002), the agriculture chemical dieldrin (Kitazawa et al., 2003)PMRaul et al., 2003;

Yang et al., 2004), the proteasome inhibitor MG-132 (Sun et al., 2008), axithative
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stress-inducing agent .8, (Kaul et al., 2005b), induced a dose-dependent and
time-dependent increase in the proteolytic activation of &KEurthermore, using
pharmacological inhibitors (PKdzspecific inhibitor rottlerin, and caspase-3 inhibitors
z-DEVD-fmk, or z-DIPD-fmk) and genetic tools (PBRGIRNA or PKG cleavage-resistant
mutant), we have demonstrated that the caspase-3-dependent pootabilyation of PKG
plays an important role in neurotoxin-induced apoptotic death (Yang .et2@04;
Kanthasamy et al., 2006; Sun et al., 2008). We also found that the actiseféih is not
translocated to the cell membrane, suggesting that the lipid-mediatediantmechanism is
not involved in this process (Kaul et al., 2003; Yang et al., 2004). Natiglkeaved PKG

was also shown to move to the mitochondria or nucleus in apoptosc(Beyland et al.,
1999; Brodie and Blumberg, 2003), where it may phosphotylate its sulstiateract with
other proteins. In the nucleus, it was reported thatd¢a® induce phosphorylation of lamin

B (Cross et al., 2000). Several other proteins have also been idetatifiredract with PKG,
including DNA-dependent protein kinase (DNA-PK), (Bharti et al., 1998}, @3 (Ren et

al., 2002), etc. Additionally, a positive feedback amplification loop bEtweKG and
caspases-3 has been discovered by our laboratory (Kaul et al., 2003huwd that the
proteolytic activation of PKE& regulates upstream caspase-3 activity, thus suggesting that
PKCs may function as both the mediator and signal amplifier witiénnteurotoxin-induced

apoptotic pathway.

1.4.2 Genomic organization of PK@ genes
The genomic structure of PKCrelated genes was shown for human PRKCD

(http://lwww.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=retrieve&dopt=kpom&list ui
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ds=5580),

mouse

Prkecd

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=retrieve&dopt=kpom&list ui

ds=18753, and

rat

Pkcd

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=retrieve&dopt=kpom&list ui

ds=170538 The genomic location of PKEgene is on chromosomes 3, 14, and 19 of

human, mouse and rat, respectively (Kikkawa et al., 2002b). The& BK€at, mouse, and

human markedly resembled each other in genomic organization (Suh2&08l), The rat

PKCS gene comprises 19 exons and 18 introns, and spans approximately 29 k& 9¥rigur
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Figure 9: Genomic structure of rat PKCb (adapted from Kurkinen et al. 2000).

whereas the murine and human RKgenes are both composed of 18 exons and 17 introns

that span approximately 23 kb and 32 kb, respectively (Figure 10) ¢€urlat al., 2000;

Suh et al., 2003). The translation start codon of the murine and hun@hi$kcated at the

second exon, whereas rat PKContains an extra exon in the 5’UTR and places the

translation start codon at the third exon. Among these three mamnRdi& genes, the

ORF size of the corresponding exons are highly conserved while zaeofiintrons are

www.manaraa.com



47

significantly conserved, indicating that they are evolutionadlyserved (Suh et al., 2003).
The considerably long 5’ untranslated region (UTR), as long as 675rhf ia rarely found

among the PKC family. Moreover, a huge gap, nearly 17 kb in human &kial ih2at and

“C2lle" Cl Kinase

- — - 674

IProtein Structure

AAAT AAA
[Exon Structure —»Start
1 2 3 s‘ 5 |e ?I 8 \a 10 |1 12 |1 ul 15 w6 | 17 18

3068 bp
|Genomic Structure ~20 kb
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Figure 10: Genomic structure of murine PKG (adapted from Suh et al. 2003).

mouse, is found between the transcription start and translationsg&sf suggesting a
complexity may be involved in gene splicing. In contrast, there is gréeteite in genomic
structure between nematodes and the three mammalian spédweexon/intron junctions

mainly follow the GT/AG-rule among these four species.

1.4.3 PKGS expression and gene regulation

PKGC3 is expressed in most tissues, including brain, spleen, ovary, hahgterus, as
well as many cell types (Leibersperger et al., 1991). Inntpdeorthern blot shows that
PKCS has a high expression in the brain, spleen, epidermis, uterus, alaodrkidney (Ono
et al., 1988). In the CNS, a survey of expression of PKC isoformthenbrain by
immunostaining of different isoforms of PKC reveals that BK@s highly expressed in the

thalamus and septal nuclei, hippocampal CA1 pyramidal cell &k et al., 2000); In
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parallel, another study of expression of PKC isoforms in the lainoth immunostaining
andin situ hybridization reveals that PKCexpresses highly in some purkinje neurons in the
cerebellum (Barmack et al., 2000). Both studies also indicate K& Phainly localizes in
the cytosol of cell body (Barmack et al., 2000; Naik et al., 2000).riRgceave reported that
PKGCS is highly expressed in mouse nigral tissues and co-localizéés tie tyrosine
hydroxylase (TH) by double immunostaining method (Zhang et al., 2007c).

It has been reported that PE@xpression could be regulated in a number of cell
models through either a gnomic or non-genomic mechanism by divdraeetiylar stimuli,
including insulin, etoposide, estrogens, vitamin D3, mechanical forces,astéiip 1 (Berry
et al., 1996; Shanmugam et al., 1999; Peters et al., 2000; Geng et alSRi@04t, al., 2004;
Choi et al.,, 2006b; Horovitz-Fried et al., 2006). Despite extensive igaéstis on the
molecular mechanisms of activation of P¥Clittle information is available on the
mechanisms that control Pi&@&xpression at the transcriptional level. It has been reported
that NFB played an important role in the UV-induced and TiNfediated mouse PKC
expression in mouse keratinocytes, and mouse fibroblasts, respe(@ivklgt al., 2003; Liu
et al., 2006a). In human prostate cancer cells, androgen receptor cao kirfdnctional
androgen-responsive element in response to androgen stimulation in the R&Gan
expression (Gavrielides et al., 2006). In human Saos-2 cells, p53 fammigins (p63, and
p73) can recognize three-p53 binding sites in human PROmMoter to induce PK&E
expression (Ponassi et al., 2006; Horovitz-Fried et al., 2007). FurthernSmd
transcriptional factor is involved in the insulin-induced increaseKi@dexpression vian

upstream Sp site in the PB&@romoter (~1500 bp upstream of transcription start site) in
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mouse L6 cells (Horovitz-Fried et al., 2007). However, the regulateeghanisms in

neuronal cells are largely unknown so far.
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CHAPER II: TRANSCRIPTIONAL REGULATION OF PROTEIN KINASE C 6, A
PRO-APOPTOTIC KINASE: IMPLICATIONS FOR OXIDATIVE DAMAGE IN

DOPAMINERGIC NEURODEGENERATION

A paper submitted tdournal of Biological Chemistry

Huajun Jin, Arthi Kanthasamy, Vellareddy Anantharam, Ajay Rana, and Anumantha

Kanthasamy

Abstract

We previously demonstrated that protein kinase (BKCS) is an oxidative stress
sensitive kinase that plays a causal role in apoptotic cell deaturonal cells. While PK&
activation has been extensively studied, relatively littleknewn about the molecular
mechanisms controlling PKXC expression. To characterize the regulation of PKC
expression, we cloned a ~2k-bp 5’-promoter segment of the mousé §&@. Deletion
analysis indicated that the non-coding exon 1 region contained m8ppsetes, including
four GC boxes and one CACCC box, which directed the highest levélanstription in
neuronal cells. In addition, an upstream regulatory region containinceatjieepressive and
anti-repressive elements with opposing regulatory activitiesiceaified within the region
-712 to -560. Detailed mutagenesis revealed that each Sp site ipasiévee contribution to
PKCS promoter expression. Overexpression of Sp family proteins markedly stch&EKG

promoter activity without any synergistic transactivatingetf Furthermore, experiments in
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Sp-deficient SL2 cells indicated long-isoform Sp3 as the esseattivator of PKG
transcription. Importantly, both PKGpromoter activity and endogenous RKéxpression in
NIE115 cells and primary striatal cultures were inhibited bypramycin A. The results from
chromatin immunoprecipitation and gel shift assays further enaélrthe functional binding

of Sp proteins to PK&promoter. Additionally, we demonstrated that overexpression of p300
or CBP increases the PlCpromoter activity. This stimulatory effect requires intapt S
binding sites and is independent of p300 HAT activity. These findings may hpleations

for development of new therapeutic strategies against oxidative damage.

Introduction

PKC represents a large family of at least 12 serine/thmedanases that particpate in
a wide variety of cellular events, including proliferation, cellcley progression,
differentiation, and apoptosis (Dempsey et al., 2000). Based orsthesture and substrate
requirements, PKC isoforms are divided into three groups: conventiona RBK@I, BlI,
andy), novel PKCs g, ¢, n, and0), and atypical PKC<s(andvA). As a novel PKC, PKE&
has been recognized as a key pro-apoptotic effector in variousypets (Brodie and
Blumberg, 2003). The role of PKGn nervous system function is beginning to emerge, and
recent studies show that PBE@lays a role in regulation of receptor and channel activity,
differentiation, migration, and apoptosis (Saito, 1995). In addition to lipdiates
activation and phosphorylation activation, a new pathway of P& ivation, proteolytic
cleavage, was discovered recently. Previously, we showed that F¥K@n oxidative

stress-sensitive kinase, and that persistent activation ofé PC caspase-3-mediated
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proteolytic cleavage is a key mediator in oxidative stredsded dopaminergic
neurodegeneration (Anantharam et al., 2002; Kaul et al., 2003; Kitataka2003; Kaul et
al., 2005; Latchoumycandane et al., 2005). Alternatively, pharmacolagndaiton of PKG
and depletion of PKE by siRNA are each sufficient to prevent dopaminergic
neurodegeneration in cell culture and animal models of Parkinsonasdig¥ang et al.,
2004; Kanthasamy et al., 2006; Zhang et al., 2007a). We also showe&@tah€gatively
regulates tyrosine hydroxylase (TH) activity and dopaminehggig by enhancing protein
phosphatase 2A activity in dopaminergic neurons (Zhang et al., 2007b)evateel striatal
dopamine level was observed in P&KKhockout mice as compared to wild type mice, further
demonstrating a key role of the kinase in the nigrostriatal dopagigrianction (Zhang et al.,
2007b). In addition, increased PRQ@ctivity, caused by aberrant expression of BKi@as
been implicated in disease conditions, such as ischemia/hypthaieackova et al., 2010; Li et
al., 2010; Miettinen et al., 1996) and cancer (Reno et al., 2008). Thesefarederstanding of
the molecular mechanisms that control the amount and activity G FdKof physiological
and pathophysiological interest.

PKGC3 is ubiquitously expressed although the expression pattern is variedraptex
(Ono et al., 1988; Leibersperger et al., 1991; Barmack et al., 2000eNdik2000). Evidence
suggests that diverse stimuli can induce BK&pression (Berry et al., 1996; Shanmugam et
al., 1999; Peters et al., 2000b, a; Shin et al., 2004; Choi et al., 2006; Edroed et al.,
2006), but the detailed mechanisms responsible for transcriptionabtiegubf PKG,
especially in neuronal cells, have never been explored. The PK&noter is surprisingly

complex and does not contain a TATA box. The considerably long 5’ urdtatiskgion, as
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long as 675 bp in rat, is rarely found among the PKC family (Kurkiteal., 2000; Suh et
al., 2003). Moreover, a huge distance, nearly 17 kb in human and 12 kb ol rabase, is
revealed between the transcription start and translation sest(Kurkinen et al., 2000; Suh
et al., 2003). To our knowledge, only a few studies have documented the fursieoments
in the PKG promoter, or the characteristics of the factors involvethéencontrol of PKG
transcription (Gavrielides et al., 2006; Liu et al., 2006; Ponassi, @08l6; Horovitz-Fried et
al., 2007). In this study we analyzed the mouse #g©moter to identify the transcriptional
mechanisms underlying neuronal P&KExpression. By combining cell biological, molecular
and biochemical approaches, we cloned ~2 kb of mousedRi@moter, characterized
multiple DNA regulatory elements that positively or negativeégulate PKG@ gene
expression, and identified members of the Sp protein family of drgtien factors as

fundamentally critical determinants of basal RKgene transactivation.

Experimental Procedures

Reagents

Mithramycin A (MA) and hydrogen peroxide (H202) were purchased from
Sigma-Aldrich (St. Louis, MO). Antibodies against PKCSpl, Sp3, and Sp4 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Lipofewa®tiO0 reagent

and all cell culture reagents were obtained from Invitrogen (Carlsbad, CA).
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Cloning of the 5’-flanking region of PKC8 gene and Plasmids construction

The 2.0-kb (-1694/+289) mouse PB@romoter sequence was amplified by fusion
PCR from mouse genomic DNA prepared from the MN9D cellgeflgr the -1694/-1193
and -1217/+289 fragments of the mouse BKiZomoter first were amplified using mouse
genomic DNA as a template and the primer sets P-1694F/P-1193RA-Ht7F/P+289R
(for all primers see Table S1), respectively. The two gel4edriPCR products then were
mixed and used as a template to amplify the -1694/+289 fragmemttingt primer set
P-1694F/P+289R. The conditions used in this second PCR were 95°C for 2 myole2bof
95°C for 45 sec, 57.5°C for 30 sec, and 68°C for 2 min; and 68°C for 5 min. Thamesult
2.0-kb PKG promoter fragment was inserted into Xhol/Hindlll sites ofLBBasic
luciferase vector (Promega, Madison, WI) and designated as pGL3+2894/Using
pGL3-1694/+289 as a template, a series of truncateddoRi@moter reporter constructs
were constructed by PCR with appropriate primers and cloned int@-p@sic vectors,
similar to the preparation of pGL3-1694/+289. To generate the repgisgmid
pGL3-Promoter-660/-561, fragment -660/-561 was PCR-amplified and idserte the
upstream of the SV40 promoter in pGL3-Promoter vector (Promé&ga)construction of
pGL3-660/-561 plus +2/+289, primer pairs P-660F/P-561+2R and P-561+2F/P+289R were
used for application of fragments -660/-561 and +2/+289, respectivelyuSiom fragment
-660/-561 plus +2/+289 was then amplified by the fusion PCR technigiesasbed above
using the primers P-660F/P+289R, followed by cloning into pGL3-Bastonelo generate
plasmids pGL3-147/+2 plus +2/+289 or pGL3-147/+2 plus +289/+2, fragment +2/+@&89 w
PCR-amplified using a primer pair P+2F/P+289R that includedn&ifig Xhol site at both

ends, digested with Xhol, and cloned in either orientation into the pGL3-24@porter
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construct at the distant Sall site downstream of the lucifegase. All reporter constructs
were verified by DNA sequencing.

The expression plasmid bearing the cDNA of GFP-BPK@s a kind gift from Dr.
Mary Reyland at the University of Colorado Health ScienceseCé€bBenver, CO), and the
pPpEGFP-C1 control vector was purchased from Clontech Laboratorias{&do View, CA).
The constructs for mammalian expression of pN3-Sp1, pN3-Sp4, and pN3-Spéding
both long and short isoforms of Sp3 (Sapetschnig et al.,, 2004), and the Drasayiml
promoter-driven expression vectors for Spl (pPac-Spl), the short isofirn$p3
(pPac-Sp3), the long isoforms of Sp3 (pPac-USp3), the full length of(@:-Sp3 FL,
which is equivalent to the mammalian vector pN3-Sp3FL), Sp4 (pPac¢c-S)
B-galactosidase (p97b) (Lopez-Soto et al., 2006), as well as they’ecoptrol vectors pN3
and pPac0O, were generously provided by Dr. G. Suske (Philipps-Utiavekdarburg,
Germany). The plasmid pPac-Sp2 (Saur et al., 2002) was a kinidogiftDr. Dieter Saur
(Technische Universitat Minchen, Germany). The p300 wild-type esipregplasmid
pCl-p300 and its histone acetyltransferase (HAT) deletion mutantp3@AHAT, were
kindly provided by Dr. Joan Boyes (Institute of Cancer ResearchedJitngdom) and
generated as described previously (Boyes et al., 1998). The encpdy pEIneo was a gift
from Dr. Christian Seiser (University of Vienna, Austria). Thepression plasmid
pcDNA-CBP (Yang et al., 1996) was a gift from Dr. Xiang-Jisend (McGill University,
Canada). To generate the luciferase-reporter plasmids, Spl-LunSpitLuc (Sowa et al.,
1999), which contains three consensus Sp1l binding sites underlined from SV4@epramal
three mutant Spl binding sites, respectively, the oligonucleotidds twe sequences

(Sp1-Luc:5-ATATATCTCGAGCGCGTGGGCGGAACTGGGCGGAGTTAGGCEBGG
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AAAGCTTATATAT-3’; mSpl-Luc:5’-ATATATCTCGAGCGCGTGTTTTGAACTGTTTT

GAGTTAGGTTTTGGAAAGCTTATATAT-3’) were synthesized, anned]eand subcloned
into the pGL3-Basic luciferase vector. To build the eukaryaipression plasmid
pcDNA-Sp2, Sp2 cDNA was cut out with Xhol from the pPac-Sp2 consandtinserted

into the Xhol site of the pcDNAS3.1 vector (Invitrogen).

Site-directed mutagenesis

Point mutations of potential transcription elements (GC and CA@OGfs) were
introduced into the proximal PKXC promoter reporter plasmid pGL3-147/+289,
pGL3-147/+209, or pGL3+165/+289 by using the GeneTailor Site-Directecddnesis
System (Invitrogen) with overlapping PCR primers indicated in T8Hhleaccording to the
manufacturer’s instructions. To generate double mutants, plasmigimgaarsingle mutation
were used as a template to further introduce the second mutatiorrigfer mutants,
plasmids carrying double mutations were utilized. The mutated sesp@fcall mutants

were confirmed by DNA sequencing.

Primary mouse striatal neuronal culture and treatment

Plates (6-well) were coated overnight with 0.1 mg/ml poly-DrlgsiStriatal tissue
was dissected from gestational 16- to 18-day-old murine embryos gudinkéce-cold
Cé&*-free Hanks’s balanced salt solution. Cells then were dissodgiatéaink’s balanced salt
solution containing trypsin-0.25% EDTA for 30 min at 37 °C. After enzyrhéition with
10% heat-inactivated fetal bovine serum (FBS) in Dulbecco’s Matiiagle’s Medium, the

cells were suspended in Neurobasal medium supplemented with 2% Nediiggplement
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(B27), 500uM L-glutamine, 100 units penicillin, and 100 units streptomycin, platei»at
10° cells in 2 ml/well and incubated in a humidified £i@cubator (5% C@and 37 °C). Half
of the culture medium was replaced every 2 days, and experimenédscanducted using
cultures between 6 and 7 days old. After exposure to doses of mytlinafranging from
0.5 to 5uM for 24 h, the primary striatal cultures were subjected to gading real-time

RT-PCR or immunocytochemical analysis.

Cell lines, Transient transfections, and Reporter gene assays

The mouse dopaminergic MN9D cell line was a generous gift tomSyed Ali
(National Center for Toxicological Research/FDA, Jefferson, .ARhe mouse
neuroblastoma NIE115 cell line was a kind gift from Dr. Debonmahiri (Indiana
University School of Medicine, Indianapolis, IN). The Drosophila SL2 tak was
purchased from ATCC (Manassas, VA). NIE115 and MN9D cells waréured in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS, 2 mijfutamine, 50
units penicillin, and 50 units streptomycin (37 °C/5% CO2). For H202ntewdt studies,
before addition of H202 (final concentration 0.5-2.0 mM), MN9D cells vesviiched to
serum-free Dulbecco’s Modified Eagle’s Medium. Drosophila SUB eeere maintained at
23°C without CO2 in Schneider's Drosophila medium containing 10% FBS.

Transient transfections of NIE115 and MN9D cells were performsahg
Lipofectamine 2000 reagent according to the manufacturers’ instrucGetis were plated
at 0.3 x 106 cells/well in six-well plates 1 day before transfiec Each transfection was
performed with 4.g of reporter constructs along with u§ of pcDNA3.18gal (Invitrogen)

used to monitor transfection efficiencies. Cells were harvested at 24 hgsdection, lysed
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in 200 pl of Reporter Lysis Buffer (Promega), and assayed for lucdeesgivity. For
cotransfection assays, various amounts of expression plasmids adeddn figures were
added to the reporter plasmids. The total amount of DNA was adjustedding an empty
vector. In some experiments, mithramycin A (QNd) was added 4 h after DNA transfection,
and luciferase activity was measured 24 h later. For tretrfieof SL2 cells, one day before
transfection, cells were plated onto six-well plates at aityenfs2.1 x 106 cells/well. Cells
were transfected using the Calcium Phosphate Transfection kitr¢lpem), as described
previously (Suske, 2000). Each well received 4 pg of reporter oohstd pg of
B-galactosidase expression plasmid p97b for normalization of trawsfegfficiencies, and
varying amounts (0-4 ug) of the fly Sp expression plasmids. DNéuata of expression
plasmids were compensated with the empty plasmid pPacO. After 24rdmsfection, the
medium was changed, and 24 h later the cells were harvestetblyfeeze-thawing in 200
pl of 0.25 M Tris-HCI (pH 7.8), and assayed for luciferase activity.

Luciferase activity was measured on a Synergy 2 Multi-Moderdgiate Reader
(BioTek, Winooski, VT) using the Luciferase Assay system (Pranemdp-galactosidase
activity was detected using tlfieGalactosidase Enzyme Assay system (Promega). The ratio
of luciferase activity top-galactosidase activity was used as a measure of normalized

luciferase activity.

Quantitative real-time RT-PCR
Total RNA was isolated from fresh cell pellets using theohliely RNA Miniprep
kit (Stratagene, La Jolla, CA). First strand cDNA was lsgsized using an AffinityScript

QPCR cDNA Synthesis kit (Stratagene). Real-time PCR paaformed in an Mx3000P
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QPCR system (Stratagene) using the Brilliant SYBR Gred&CR) Master Mix Kit
(Stratagene), with cDNAs corresponding to 150 ng of total RNA, @205 2 x master mix,
0.375ul of reference dye, and 0V of each primer in a 25t final reaction volume. All
reactions were performed in triplicate. Sequences ford@pners are shown in Table S1.
B-actin was used as internal standard with the primer set padieoom Qiagen (QuantiTect
Primers, catalog number QT01136772). The PCR cycling conditions containgutial
denaturation at 95 °C for 10 min, followed by 40 cycles of denaturati®s &€ for 30 sec,
annealing at 60 °C for 30 sec, and extension at 72°C for 30 sec. Ekmoresvas detected
during the annealing step of each cycle. Dissociation curvesrwete verify the singularity
of the PCR product. The data were analyzed using the compaiatashdld cycle (Ct)

method (Livak and Schmittgen, 2001).

Methylation specific PCR (MSP)

For MSP experiments, genomic DNA was isolated using the DN#aey & tissue
kit as mentioned earlier. Bisulfite modification was subsequeratyied out on 500 ng of
genomic DNA by the MethylDetector bisulfite modification kic(ive Motif, Carlsbad, CA)
according to the manufacturer’s instructions. Two pairs of prinverse designed to amplify
specifically methylated or unmethylated PK8equence using MethPrimer software (Li and
Dahiya, 2002). The cycling condition was: 94 °C for 3 min, after wBkEltycles of 94 °C
for 30 sec, 54 °C for 30 sec, 68 °C for 30 sec, and finally 72 °G famn. PCR products

were loaded onto 2% agarose gels for analysis.
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Immunoblotting

Cell lysates were prepared as previously described (Zhangl.et2007c).
Immunoblotting was performed as previously described (Kanthasamy 20@6). Briefly,
the samples containing equal amounts of protein were fractionatedgtthra 7.5%
SDS-PAGE and transferred onto a nitrocellulose membrane (&io-Raboratories,
Hercules, CA). Membranes were blotted with the appropriate apyinantibody and
developed with either IRDye 800 anti-rabbit or Alexa Fluor 680 antise secondary
antibodies. The immunoblot imaging was performed with an Odyssegrddfrimaging

system (Li-cor, Lincoln, NE).

Immunostaining and microscopy

Immunostaining of PK& was performed in primary striatal neurons. Cells grown on
coverslips pre-coated with poly-D-lysine weweashed with PBS and fixed in 4%
paraformaldehyde for 30 min. After washing, the cells wermpabilized with 0.2%riton
X-100 in PBS, washed with PBS, and blocked with blocking agent (5% bovinen se
albumin, 5% goat serum in PBS). Cells then were incubated witmtiteody against PK&
(1:1000, Santa Cruz) overnight. Fluorescently conjugated secondary antibteka (A
568-conjugated anti-rabbit antibody red, 1:1500) was used to visualizgdten. Nuclei
were counterstained with Hoechst 33342 for 3 min at a doatentration of 10pg/mi.
Finally, images were viewed using an oil-immersion 60 x Plgo Aens with a 1.45
numerical aperture on a Nikon inverted fluorescence microscope (M&@el00, Nikon,
Tokyo, Japan). Images were captured with a SPOT color digitakrea (Diagnostic

Instruments, Sterling Heights, MI) and processed using Metanto@ihimage analysis
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software (Molecular Devices). For quantitative analysis of umofluorescence, we
measured average pixel intensities from the region of int@r&3l) using the Metamorph

5.07 image analysis software.

Nuclear extracts preparation and EMSA

NIE115 nuclear extract was prepared as previously describedr€Baet al., 1999).
For EMSAs, the IRyE" 700-labeled complementary single-stranded oligonucleotides
corresponding to sequences +205 to +236 of the mouse& PKIhoter were synthesized
(Li-cor), annealed and used as labeled probe. The unlabeled complkgibs were obtained
from Integrated DNA Technologies, Inc (Coralville, I1A). The ssapes of oligos used for
EMSAs are illustrated in Table S2. In each reaction, 50 fmol ddbptobes and 1{g
nuclear or cytoplasmic extracts were added. The resulting -pidein complexs were
resolved on a 7% nondenaturing polyacrylamide gel and analyzed on thse@dyaging
system (Li-cor). In competition experiments, before the additidheofabeled probe, nuclear
extracts were pre-incubated for 30 min at room temperatureawi®O-fold molar excess of

unlabeled competitor oligos.

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted with chromatin isolated from NIE&Ml$ using the
ChIP-IT Express Enzymatic kit from Active Motif according the manufacturer’'s
instructions with slight modification®Briefly, after cross-linking, the nuclei were prepared
and applied to enzymatic digestion to generate chromatin fragimetmieen 200 to 1500 bp.

The sheared chromatin was collected by centrifuge, andubdli@uot was removed to serve
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as a positive input sample. Aliquots of Wl0sheared chromatin were immunoprecipitated
with 3 ug indicated antibody and protein-G magnetic beads. Equal aliquots of eachtahroma
sample were saved for no-antibody controls. The immunoprecipitdié@dvias analyzed by
PCR using PK@&-specific primer set P+2F/P+289R indicated in Table S1 to ayrgpliégion

(+2 to +289) within PKG@ promoter. Conditions of linear amplification were determined
empirically for these primers. PCR conditions are as follows: $4fitin; 94°C 30 sec, 59°C

30 sec, and 68°C 30 sec for 35 cycles. PCR products were resolvettiogphoresis in a

1.2% agarose gel and visualized after ethidium bromide staining.

DNA fragmentation assays

DNA fragmentation assay was performed using a Cell Dedchaen ELSA plus kit
as previously described (Anantharam et al., 2002). Briefly, a#tatnhent with various doses
of H,O, for 20 h, cells were collected and lysed in 450 pl of lysigebsupplied with the kit
for 30 min at room temperature, and spun down at 23@)fer 10 min to collect the
supernatant. The supernatant then was used to measure DNA ritagome as per the
manufacturer’s protocol. Measurements were made at 405 and 490 nna \BagtraMax

190 spectrophotometer (Molecular Devices).

Bioinformatics

The search for phylogenetic sequence conservation among raty,hanthmurine
PKCS promoter was conducted with the program DiAlign TF (Morgensetral., 1996)
(Genomatix Software). This program identifies common transcridstor binding-site

(TFBS) matches located in aligned regions though a combinatialigsfment of input
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sequences using the program DiAlign with recognition of potem&&S by Matinspector

software (Cartharius et al., 2005) (Genomatix Software).

Statistical analysis

Unless otherwise stated, all data were determined from thrdependent
experiments, each done in triplicate, and expressed as avelage ¥&SEM. All statistical
analyses were performed using the GraphPad Prism 4.0 softwaghfad Software, San
Diego, CA). One-way analysis of variance (ANOVA test) fokalnby the Tukey multiple
comparison test were used for statistical comparisons, andedif®s were considered

significant if P-values less than 0.05 were obtained.

Results

Identification of DNA elements involved in transcriptional regulation of mouse PKG
gene

The mouse PKE&gene, located on mouse chromosome 14, comprises 18 exons that
span ~20 kb (Fig. 1A). The PKCpromoter lacks a TATA box and contains GC-rich
sequences in the proximal promoter region. Further, examination oKtb& fromoter did
not reveal the classic initiator element (Inr) or the downstreaomoter element (DPE),
which are located at various distances downstream of the tyarserstart site (TSS) and
are utilized by most TATA-less promoters to initiate traipicmn, suggesting that there

might be other promoter motifs involved in the regulation of BK@ne transcription. To
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facilitate analysis of the regulation of the P&K@romoter, an approximately 2k-bp fragment
containing the putative PK&promoter (1694 bp), as well as partial sequences of the first,
non-coding exon (289 bp), was amplified by the fusion PCR technique friSDMells.

This sequence has been deposited in the GenBank data bank under accesbgm num
GU182370. The resulting -1694/+289 region of the BK@moter was placed upstream of
the pGL3-Basic vector, designated as pGL3-1694/+289, and it waseitingsransfected
into NIE115 and MN9D cells along with the pcDNA3gal plasmid to monitor transfection
efficiency. Luciferase activity of this construct increasedrly 30-fold as compared with the
pGL3-Basic control, suggesting that this 2-kb sequence posskssdfonal promoter
activity in both cells (Fig. 1B-C). To further delineate the tmzaof functional elements that
govern the PKG@ promoter activity, we introduced a series of truncated pronfiaigments

in the pGL3-1694/+289 construct by PCR and cloned into the pGL3-Basiorv&oth
NIE115 and MN9D cells displayed similar profiles of reportendgtupon transfection with
these reporter constructs. Two constructs pGL3-147/+289 and pGL3+2/H2i88, aentain
sequences with high GC content in the proximal first exon, each ®®diki maximal
luciferase activity that averaged ~260% of the activity ofpg¢.3-1694/+289 construct in
both cells. Furthermore, lack of the sequence from +2 to +289 leskdp background
reporter activity in six truncated promoter constructs (pGL3-1694/-1483{16GR4/-659,
pGL3-1694/-1193, pGL3-1192/-659, pGL3-1192/-148, and pGL3-660/-148). Thus, these
data suggest the particular importance of the GC-rich sequenttesnegion between +2 to
+289 for sustaining PK& gene transcription in neuronal cells. It should be noted that a
vector, pGL3-147/+2, containing the -147/+2 fragment in which the basalopgpmegion

was placed to drive luciferase expression, demonstrated modastriptional activity
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(average activity in both cells, ~45% of that produced by the cagdGL3-1694/+289).
Addition of the 5’ fragment of -660 to -147 into the pGL3-147/+289 constrsctiitren a
complete loss of activity in construct pGL3-660/+289, indicating tlesemce of a strong
repressive element that negatively regulates transcriptiovitpavithin the -660 to -147
region. Further addition of the 5 sequence from -1192 to -660 into the -p&L/3289
construct partially blocked this repressive effect, indicativeg the region (between -1192
and -660) contained either an enhancer element or an anti-repekssent that overcame
the repression. Construct pGL3-1192/-660, however, displayed no luciferaseg actviher
cell line, thus, within this region (-1192 to -660 bp) an anti-repressement existed, but
not an enhancer element. The region between -1694 to -1193 may contak ahibitory
cis-element, as deletion of this ~500 bp from the construct pGL3-1694(¢28Red in a
slight increase in the promoter activity. Taken together, thesdts demonstrate that the
PKCs promoter contains multiple positive and negative regulatory eltsme NIE115 and
MNOD cells. The GC-rich region located between bp +2 and +289 contaegquance of
nucleotides necessary for transcription of the mousedR§&de, and the sequence between
-660 to -147 and -1192 to -660 contains a strong negative regulatory el®&R&rl) and an
anti-repressive element with opposing activities controlling ®K@ne expression. The
region of -1694 to -1193 also contains a weak negative regulatory element (NREII)
Next, the identified negative regulatory element and anti-rapeesgement within
the region between -1192 and -148 were investigated in more detsil. tBirdefine the
borders of these regulatory elements more precisely, seridstaifed 5’ deletions were
constructed in this region and tested for their relative trgtgmmal activity utilizing the

-147/+289 fragment as the baseline. As shown in Fig. 2A-B, in eithedDMdl NIE115
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cells, the anti-inhibitory effect of the anti-repressive elemerd retained, even after deletion
of the sequence between nucleotides -1192 and -712. However, thehdntery effect was
completely abolished when the sequence between -712 to -660 was delgtghting that
the anti-repressive element resides between the nucleotidesnd186®. Further deletion
of the region between -660 and -560 restored almost full promoteitygdtiowever, all six
of the 5’-deltion constructs from -560 to -197 exhibited comparable tiptisnal activities
to that of the -147/+289 fragment. This suggests that the NREmitedi to the region
between -660 and -560.

Two functional types of NRE have been defined: promoter-specifiE BRd the
so-called silencer elements that are able to repress proawiéty in an orientation- and
position-independent fashion, as well as in the context of both native aelbgous
promoter (Brand et al., 1985). To further characterize the functprogkrties of the NREI
in the PKG promoter, a chimeric fragment corresponding to the transcriptyomdlibited
sequence from -660 to -561 was subcloned immediately 5’ of thed Pk&Ximal promoter
construct pGL3-147/+289 to obtain pGL3-660/-561 plus -147/+289. As shown in Fig. 2C,
the repressive activity of this region was significantlgrattated, and indeed, the luciferase
activity in MN9D cells was actually increased, suggestivag the inhibitory activity of this
repressive element is dependent upon its physical location in thed RiK@noter.
Furthermore, when the same fragment was placed 5’ upstreane dfeterologous SV40
early promoter (pGL3-Promoter-660/-561, Fig. 2D), no repressiveitsgoivas observed in
either NIE115 or MN9D cells. Taken together, these data dematmshat the NREI in the
PKC3 promoter is functioning mechanistically as a promoter-spe@ficessive element, but

not as a classic transcriptional silencer element.
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Five Sp sites act as crucial cis-elements regulating the Pi&@romoter

We further concentrated our studies on the sequences with high GGtdmetteeen
+2 and +289 since experiments described earlier suggestentiited mle of this proximal
288 bp region in the regulation of mouse RKi@anscription. A comparison of this region
with the corresponding regions of the rat and human Pgéhes using a DiAlign TF
program (Cartharius et al., 2005) revealed that this region is eedsbetween all three
species; the identities are 89%, 60%, and 61% between rat ané,rmansan and mouse,
and human and rat, respectively (Fig. 3A). Further, the regioal$ sgecies are GC-rich and
contain >66% GC content. Subsequent analysis with the program Matbrs{@gattharius et
al., 2005) revealed the presence of a number of potentially importargcriggion
factor-binding sites that are phylogenetically conserved anatingpecies (identities are
more than 95%), including four consecutive GC boxes (consensus GGGGEGGG
designated GC(1) to GC(4) within ~250 bp downstream of the TSS. InaaditiCACCC
box (also called GT box) that matches consensus CCACCCC was foposditeon +35 bp
downstream of the TSS (Fig. 3A). GC boxes, GT/CACCC box ancdefaC-rich maotifs,
which are frequently designated Sp sites, often act as the bisitirsgfor Sp transcription
factors to regulate the basal and induced transcription of the@amreter as well as operate
as essential enhancer sequences (Suske, 1999; Black et al., 200Uy cTioadl importance
of different Sp binding sites for transactivation of the BKomoter was investigated by
site-directed mutagenesis of these binding sites within the cootetkte PK® reporter
construct pGL3-147/+289. Transient transfections of NIE115 and MN9B wele carried

out with these mutant constructs and promoter activity was determined ansksexpielative
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to that of the wild-type construct. As shown in Fig. 3B-C, theation of the CACCC box at
+35 slightly diminished promoter activity in NIE115 (~15%) and MN9D (~10&d lines as
compared with the wild-type construct. Alteration of the most diGi@l4) site at +256
displayed ~12% and 30% reduction in promoter activity over the wd-tonstruct in
NIE115 and MN9D cells, respectively, whereas the inhibition observéd the GC(3)
mutant, located just upstream of GC(4), was more pronounced, (reduc@@%yand 40%

in NIE115 and MN9D cells, respectively). In contrast, mutation bkeithe proximal GC(2)
box or GC(1) box caused major decrements in reporter activity (-B@P65% elimination

in NIE115 and MNOD cells, respectively), suggesting that GC(2) and ) 3€present more
important motifs in activating the PKQoromoter in comparison to the GC(3), GC(4), and
CACCC sites. To investigate the regulatory interplay of difierSp sites, we performed
simultaneous mutations of different Sp sites, and more reductionsrrofar activity were
seen with this strategy, thus suggesting that a functional sgnetggtween these Sp sites is
critical for the PK® promoter activity. For example, double mutations ablating the GACC
box with the GC(3) box, or GC(2) box, or GC(1) box resulted in a reducti promoter
activity by ~60% in both cell lines. However, double mutations ©{3} and GC(2) boxes,
or GC(3) and GC(1) boxes, reduced the activity of the #piGmoter in NIE115 and MN9D
cells by ~73% and 80%, respectively. A further reduction in pramadsvity by ~95%
occurred when both the GC(2) box and GC(1) box were mutated. Finallg, rutations of
CACCC, GC(2), and GC(1) sites, or triple mutations of GC(3), GGRY, GC(1) sites
entirely abolished the PK&promoter activity. Taken together, these functional data stigges
that GC(1) and GC(2) sites, and less significantly, GC(3), G@&f#), CACCC sites, are

critical cis-elements for constitutive expression of RK@ neuronal cells. In addition,
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these Sp sites can cooperate in an additive manner to regulateKtb® promoter
transactivation.

Given the great enhancing effect of the crucial GC-rich nfiith +2 to +289 bp on
the transcriptional activity of the PKCbasal promoter region -147 to +2 (Fig. 1), we next
investigated whether this GC-rich domain is sufficient to funci®m@an enhancer element in
NIE115 cells. To address this, the sequences around the region be®vaed +289 were
subcloned in either orientation into the pGL3-147/+2 reporter constiuttte alistant Sall
site downstream of the luciferase stop codon (pGL3-147/+2 plus +2/+289L8r1p13/+2
plus +289/+2, Fig. 3D). Then the relative transcriptional strengtihedet constructs was
measured in NIE115 cells. The results showed that, somewhatssgly;i the GC-rich
motif in either orientation and at some distance completely tlestability to enhance
transcription compared with the vector pGL3-147/+289 (Fig. 3D). THat® demonstrate
that the GC-rich fragment is distance- and orientation-dependwhthas cannot operate as

a classic enhancer element for RiKi@nscription in NIE115 cells.

PKC®& promoter expression is stimulated by Spl, Sp2, Sp3 and Sp4NIE115 cells and
MN9D cells

The Sp family members including Spl, Sp2, Sp3 and Sp4 are the magaripaon
factors that bind to the GC box, GT/CACCC box, and other closelyeteIGC-rich motifs.
Spl, Sp2, and Sp3 are ubiquitously expressed in mammalian cells, wBpdeaxgpression is
restricted to brain tissue (Suske, 1999). All of them share tne sarget sequences with
similar binding affinities. To assess the functional signifieantthose Sp family proteins

for the activity of mouse PK& promoter, various amounts (from 4-8 pg) of expression
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vectors for Spl (pN3-Spl), Sp2 (pcDNA-Sp2), the full length of Sp3 @PBFL encoding
both long and short isoforms of Sp3), Sp4 (pN3-Sp4) and empty vectors (pNBNA3.1)
were individually cotransfected along with the RK@romoter construct pGL3-147/+289
into NIE115 and MN9D cells. Normalized luciferase activitigere expressed as fold
induction over cotransfections with empty vectors. As shown in FigallAour Sp proteins
exhibited a dose-dependent activation of BK@iferase activity in NIE115 cells, with Sp3
being the most potent transactivator (1.4- to 2.3-fold, 1.2- to 1.6-fold, 1.4--fol@.1and
1.4- to 2.4-fold stimulation for Sp1, Sp2, Sp3 and Sp4, respectively). Tésmdésrsuggest
that all Sp transcription factors can potently transactivatePt€d promoter in NIE115
cells. Likewise, overexpression of Sp3 in MN9D cells transaetivdie PK@ promoter in a
dose-dependent manner from 1.5- to 2.5-fold. However, Spl, Sp2 and Sp4 adheated
PKCs promoter much less efficiently than Sp3 in MN9D cells (makimauctions of only
1.2-, 1.8-, and 1.2-fold with 8 pg of Spl, Sp2 or Sp3 expression vector, respyct
suggesting that Sp3 is a strong activator of mouse dP&hscription in MN9D cells,
whereas Spl, Sp2 and Sp4 are weak. Overexpression of Spl, Sp3, andr8pgfentéd
NIE115 (Fig. 4B, left panel) and MN9D (Fig. 4B, right paneds verified by Western blot
analysis. Note that Sp3 and Sp4 are endogenously expressed atadypiegels in either
cell line, but unexpectedly, the expression of endogenous Spl wdstected in both cells,
which is discordant with the fact that Sp1l is a ubiquitous transcription factor.

Members of the Sp family share a high affinity to the sant@riéh binding
sequences, and therefore they can act synergistically ogoaigtically to activate

transcription, depending on the nature of the cell and the promoter cohvexvestigate

www.manaraa.com



71

whether synergism or competition exists between these Sp faneitgbers to modulate
expression of the PK&promoter, cotransfections of NIE115 were performed with various
combinations of these Sp transcription factors, together with thH@5 RP&porter construct
pGL3-147/+289. As shown in Fig. 4C, coexpression of 4 pg of pN3-Spl and p\NBLS
expression vectors stimulated P&K@romoter transcription by 2.7-fold, which approximates
the combined contributions from transfection of individual Sp3 (1.5-fold inductiod)Sp1
(1.4-fold induction). These results indicate that the effects of 8d1Sp3 are additive to
activate expression of the PR@romoter. Also, cotransfection of Sp4 with Sp1 or Sp3 (Fig.
4C), as well as cotransfection of Sp3 with Sp2 (Fig.S1), results in a sindli#vea induction

of PKC3 promoter transcription. Thus, the Sp family members exert add@sgonse rather
than synergistic or competitive effects on the transcriptioh@PKG promoter in NIE115
cells.

To further clarify the contributions of the different Sp-regulatelements, including
the proximal CACCC box and four distal GC boxes, to the Sp-eetliacrease in PKE
promoter activity in NIE115 cells, we performed site-directedagpenesis of these sites in
the context of the pGL3-147/+209 and pGL3+165/+289 constructs. The formergasstes
proximal CACCC site, whereas in the latter only the four lta&es are present (Fig. 5A).
The pGL3-147/+209 construct displayed much higher responsiveness to Spiln&gpda
than did the pGL3+166/+289 construct in transfected NIE115 cells, althosighilar level
of Sp2-mediated activation was obtained for these two construgtsS@i5C). As expected,
mutation of the CACCC site in region -147/+209 (mCACCC) exhibited greadiyced basal

and Spl-, Sp3-, or Sp4-mediated transcriptional activities relativehe wild-type
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pGL3-147/+209 construct. Moreover, complete loss of Sp2-mediated activatsn
observed with the same mutant (Fig. 5B). These results indiatehe proximal CACCC
element is able to respond to Spl-, Sp2-, Sp3-, and Sp4-mediatedi@actva PKG
promoter. In addition, because the CACCC mutation did not completelyskabtiie
responsiveness to Spl, Sp3, and Sp4 overexpression, there may be add@idnaeS
present in pGL3-147/+209. In the +165/+289 region, similar to previousiegrgs, triple
mutants mGC123, mGC124, mGC134, or mGC134, in which only site GC(4), GC(3), GC(2),
or GC(1) is still active, respectively, all resulted inrasg) negative effect on basal promoter
activity. Somewhat surprisingly, these mutants did not decreasedihability of wild-type
pGL3+165/+289 by Spl, Sp3, or Sp4. However, this was not the case of Sp&thedia
activation where these triple mutants abolished all Sp2-mediated treasantpotential. On

the other hand, the Sp2 expression vector activated the singlatsnoi&C(1), mGC(2),
mGC(3), or mGC(4) to a similar extent as the wild-type pGL3+H&3 promoter construct
(Fig. 5D). These results indicate that each of the four disTab&kes is sufficient to mediate
response to Spl, Sp3 or Sp4 overexpression, whereas cooperative inteeanbogsthe
different GC sites are required to mediate the transactivafiect of Sp2 on the PKL

promoter.

Functional analysis of the mouse PK@& promoter in Drosophila SL2 cells

To further address the transcriptional functions displayed by mendiethe Sp
families of transcription factors in regulation of mouse BK@ne transcriptiorrosophila
SL2 cells, which are deficient in endogenous Sp-related pro(&uoske, 2000), were

utilized. The SL2 cells are devoid of many ubiquitous mammalianstription factor
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activities (Courey and Tjian, 1988; Noti, 1997) and thus, their transcripfiooperties can

be investigated in the absence of interference by endogenous .fAtdoygng amounts of
expression vectors (1- 4ug) under the control of insect actin profoot&pl (pPac-Spl),
Sp2 (pPac-Sp2), Sp4 (pPac-Sp4), the long (pPac-USp3) and short isoforms3 of S
(pPac-Sp3), the full length of Sp3 (pPac-Sp3FL encoding long andisbtiorims of Sp3 like

the mammalian expression vector pN3-Sp3 FL in Fig. 4) and empty) pfeator together
with the PKG@ promoter construct pGL3-147/+289 were individually transfected into SL2
cells. TheB-galactosidase insect expression vector p97b was included to maanisfietition
efficiency. Normalized luciferase activities were compgangth those obtained with empty
vector pPac0. As shown in Fig. 6A, addition of either pPac-Spl or pPaclgpdys
increased PKE& promoter activity in a dose-dependent manner. The optimal stimulation
(2.3-fold) was saturated at 2 ug of pPac-Spl or pPac-Sp4. Intghgstindual effect was
seen when different isoforms of Sp3 were transfected into SI tetreasing amounts of
the short isoform of Sp3 plasmid (pPac-Sp3) had no effect on traradecti of PKG
promoter. In contrast, cotransfection of pGL3-147/+289 with the long isofdr8p3
plasmid (pPac-USp3) induced a maximal 136.2-fold increase in luafeaesvity. In
addition, the pGL3-147/+289 promoter activity was also activated in e-adEgendent
manner by expression with either pPac-Sp2 or pPac-Sp3FL, reachimah®.9- and
5.0-fold stimulation with 4 pug of pPac-Sp2 or pPac-Sp3FL, respectivélgser results
indicate that the long isoform of Sp3, but not the short isoform of SpFasent activator of

the PKG promoter inDrosophila SL2 cells, and that Spl, Sp2 and Sp4 exert weak positive

effects on the transactivation of the PK@omoter.
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Because overexpression of Spl, Sp2, or Sp4 only modestly increaségpRitidter
activity in SL2 cells, we next investigated the interplayveein them with the long isoform
of Sp3 in PKG gene regulation. As shown in Fig. 6B, cotransfections of varying asofint
pPac-Spl (1-2 pg) with a fixed amount of the pPac-USp3 (0.1 pg) hdfikaioom promoter
activation of pGL3-147/+289. Likewise, there was no significant stimomeof luciferase
activity when 1 pg of pPac-Sp4 was cotransfected with 0.1 pug af-pP8p3, whereas,
similar to the mammalian expression system, an additive ttareggan was seen after
cotransfection of 2 pg of pPac-Sp4 with pPac-USp3. In contrast, compiraggUSp3 with
either 1 pg (6.4-fold induction) or 2 pug (17.0-fold induction) of pPac-Sp2teesut a
synergistic transactivation of PKCpromoter activity. This is different from the data in
mammalian cells (Fig. S1), indicating that two different ma@mas may be operative in

insect and mammalian cells.

Mithramycin A inhibits PKC8& gene expression

To further confirm the role of Sp transcription factors on BK&pression, we
examined the inhibition of the exogenous RK@omoter activity by mithramycin A, which
is known to bind to the GC-rich motif and inhibit Sp transcription falioding (Ray et al.,
1989; Blume et al.,, 1991). The transiently transfected NIE115 celis weated with
increasing doses of mithramycin A, and the effects of mithram&con PKG promoter
activity were analyzed by luciferase assays. The mithcan® concentrations used were not
toxic to NIE115 cells. As shown in Fig. 7, addition of mithramycin Arémsfected cells led

to a dose-dependent decrease in promoter activity for both reporterucop&L3-147/+289
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(Fig.7A) and full length pGL3-1694/+289 (Fig.7B). At the highest doseithframycin A (5
KM), the transcriptional activity of pGL3-147/+289 and pGL3-1694/+289 dvapped by
60% and 80%, respectively. In addition, we also performed aime@alRT-PCR assay to
investigate the effects of mithramycin A on the endogenousdéPé&pression in NIE115
cells (Fig. 7C). Dose studies indicated that incubation with the $tigltese of mithramycin

A (5 uM) for 24 h resulted in a modest but significant reductiorKiGPmRNA expression

by ~30%. Furthermore, the inhibition of PR@ndogenous expression by mithramycin A
was confirmed in additional experiments in primary striatdl @gture. As shown in Fig.
7D, similar to the trend seen in the NIE115 cells, the highest dosghwamycin A (5 uM)
induced a ~30% decrease in PK@IRNA. Immunocytochemical analysis of P&C
immunoreactivity of striatal neurons substantiated the inhibitdgcedf mithramycin A on
PKCS gene expression (Fig. 7E, left panel). Quantification of thePi@rescent intensity
with Metamorph Image analysis software revealed a ~35% (p<0.01)timeduiic PKG
immunoreactivity in 5 UM mithramycin A-treated neurons (Fig. 7@htrpanel). Altogether,
these results again established that BPK&pression is Sp-factors dependent. In addition,
because the repression of PKanscripts at the endogenous level by mithramycin A (Fig.
7C) was far less pronounced than that of the exogenous promotererepotivity
(Fig.7A-B), regulation of the endogenous PK@ay also be controlled by additional
mechanisms that are not manifested in exogenous reporter plasmidg dutransient

luciferase assay.
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Binding of Sp family of transcription factors to the PKC8 promoter in NIE115 cells

To directly address whether Sp family proteins are assdciaith the PKG
promoterin vivo, we performed a chromatin immunoprecipitation assay. NIE115welis
transfected with either the expression vectors for Sp proteinkeoempty vector, and
proteins were then formaldehyde cross-linked to chromatin. The immun@fagon was
performed with antibody directed against Spl, Sp3, or Sp4. The precipRatAdwas
isolated and subjected to PCR analysis with the primer s#/P+289R encompassing the
promoter region +2 to +289. In the empty vector control samples, antead@l2-bp DNA
fragment was amplified from DNA immunoprecipitated by Sp3 p4 &ntibody, but not
from Spl immunoprecipitation (Fig. 8A, lane 2, 3, and 4). This resutelates with the
previous observation that Spl factor is present at extremelypiomwdetectable levels in
NIE115 cells (Fig. 4B). Furthermore, significantly increaseclewf amplification of the
PKCS promoter were observed in DNA immunoprecipitated by any of tharSipodies
from Sp-enriched cells when compared with levels seen for ereptgr transfected controls
(Fig. 8A, lane 2vs 7; lane 3vs 10; and lane 4/s 13). Together, the ChIP results provide
evidence for direcin vivo association of Sp proteins with the PK@romoter in the
chromatin of NIE115 cells.

For an additional experiment to further characterize the binding pr&eins to the
PKCS proximal promoter region, we performed gel shift assays usinguble-stranded
32-bp IRyé™ 700-labeled oligonucleotide (+205/+236) (see Table S2 for all
oligonucleotides used in EMSA experiments) containing the two prox@mainding sites
GC(1) and GC(2) as probe. As shown in Fig. 8B (lane 2), a shift ptDfe¢A complex band

was detected after incubating the probe with NIE115 nucleaaatxtrThis shifted band was
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almost completely abolished either by addition of an excess ofirtlaeled +205/+236
self-oligonucleotide or by a Spl consensus oligonucleotide, establisheagnucleic
acid-protein binding specificity (Fig. 8B, lane 3 and 5). In catiraehen a 100-fold molar
excess of unlabeled mutant +205/+236 self-oligonucleotide, in which @f¢)@nd GC(2)
motifs were double mutated (Fig 8B, lane 4) or unlabeled mutant $p%emsus
oligonucleotide (Fig.8B, lane 6) was used, the formation of specdmplex was only
partially blocked. Moreover, the addition of excess of either an uiddbeKG +218/+238
oligonucleotide or unlabelled PKC+201/+220 oligonucleotide corresponding to the single
GC(2) or GC(1) matif, respectively, (Fig. 8B, lane 7 and 8), faibecbimpletely abrogate the
formation of the DNA-protein complex, suggesting that GC(1) and2i>64xes are both
functional binding sites for the DNA-protein interaction of this comple addition, another
shifted band without competition by excess of the unlabeled +205/+236 oligotidelwas

considered as nonspecific binding and marked as N.S. in Fig. 8B.

Coactivators p300/CBP stimulate PK@ promoter activity through Sp binding sites in
NIE115 cells

Because p300/CBP can function as co-activators of Sp transcriptionsfave next
analyzed whether they play a role in regulating mousedR¥e expression by studying the
effect of ectopic p300/CBP expression on promoter activation of gk3[ZB+289 construct
in NIE115 cells. As shown in Fig. 9A-B, both p300 and CBP significarilyance the PKE
promoter activity. Interestingly, when a mutant p300 protein withainsic HAT activity
was overexpressed, an even stronger up-regulation o PKinoter activity was seen (Fig.

9A), suggesting that the HAT activity of p300 is not required fandactivating PKE
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promoter. Moreover, to assess whether p300/CBP meditate theirrijptiosal activation
through the Sp sites, two luciferase reporter constructs, SplahdcmSpl-Luc, which
contain three consensus Spl binding sites and three mutant Spl sgestively, were
utilized. As shown Fig. 9C-D, similar to the PBE@romoter construct pGL3-147/+289,
overexpression of p300/CBP significantly stimulated the wild-type Spl-Liwtgacivhereas
the mutant mSpl-Luc completely lost the responsiveness to increapeesseon of
p300/CBP, suggesting that the stimulatory effect of p300/CBP mayebeted through the

Sp biding sites on PK&promoter.

Ectopic PKCé expression increased vulnerability of dopaminergic neurons toxidative
stress-stimulated degeneration

Oxidative stress, arising due to excessive production of ROS atefextive ROS
removal has long been implicated in the pathogenesis of mangdege@nerative diseases,
including PD (Jenner, 2003; Greenamyre and Hastings, 2004). Based on ovatalrsénat
nigral dopaminergic neurons display high levels of BK&xpression (12), and that
proteolytic activation of this kinase plays a key role in madgabxidative stress-dependent
neurodegeneration (Kaul et al., 2005), we further assessed whethextédm: of PKG
expression correlates with8,-induced degeneration. To address this, we performed ectopic
expression of PKE in MN9D dopaminergic neurons and investigated its effect on
H,O.-induced apoptotic cell death. Fluorescence microscopic imagiaf
PKCs-GFP-transfected cells revealed that ~60% of cells wereessipg PKG-GFP
proteins (Fig. 10, right panel), confirming the high efficiency abpic expression of PK&

in MN9D cells. Quantification of bD.-induced cell death in the EGFP-C1 control
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vector-transfected cells by DNA fragmentation assay showed HO, treatment
dose-dependently induced neuronal degeneration, having a maximum (~300%eafednt
cells) at dose 2 mM. In contrast, overexpression of #Kduced an increased level of
H,0.-induced DNA fragmentation (Fig. 10, left panel). Together, thesdtsesuggest that
the level of PK@ gene expression may have important regulatory roles in oxidative

stress-dependent neurodegeneration.

Discussion

The present study addresses the regulamsyacting elements and candidate
regulatory factors involved in the transcription of the mouse #¥#€he in neuronal cells.
PKGCs has been widely identified as a pro-apoptotic effector ofasgim various cell types
(DeVries et al., 2002; Brodie and Blumberg, 2003; Kanthasamy et al., 2B@8gnt
evidence supports a prominent role for caspase-dependeni B&tvation in oxidative
stress-induced dopaminergic cell death in experimental model® dieBause of a high
expression of the kinase in nigrostriatal dopaminergic neurons (#aramh et al., 2002;
Kaul et al., 2003). Despite extensive investigations of the molecukshanisms of
activation of PKG, relatively little information is available on the mechanishet tontrol
PKC3 expression at the transcriptional level (Gavrielides et al., 2006t al., 2006;
Ponassi et al., 2006; Horovitz-Fried et al., 2007). Previous studies cegthiatory elements
of the PKG gene are all based on analysis of the 5’-flanking sequences upstrdeT 8;
however, no attempt was made to examine the importance of thekGermains in the first

exon. Emerging evidence indicates that the non-coding region extredownstream of
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TSS has been recognized as a major regulatory region of varenes expressions
(MacCarthy-Morrogh et al., 2000; Saur et al., 2002; Whetstirad. e2002; Solovyev and
Shahmuradov, 2003; Karban et al., 2004). Thus, we cloned and characterized tke mous
PKCs promoter including the first exon GC-rich sequences, in an effordefine
mechanisms underlying the transcriptional regulation of KC

In this report, ~2.0-kb fragment of mouse genomic DNA encompass$iag t
5’-flanking region and the partial first exon of the RK@ene, was isolated and cloned into a
luciferase reporter vector. The PBE@romoter does not have a consensus TATA motif in the
vicinity of the TSS (Suh et al., 2003). Our own sequence analysislffurther upstream
TATA-like elements at -1651, -1185, and -932 (data not shown). However, tAdgelike
motifs appear to be non-functional, as no significant transcriptiotigitpavas observed in
the region between -1694 to -659 (Fig 1B, pGL3-1694/-659). Additionally, otherrkooke
promoter motifs, such as the CAAT box, Inr, and DPE, were not idshti#t consensus
positions within the PKE&promoter.

We showed that the 2.0-kb PR@romoter/luciferase construct displayed significant
transcriptional activity (Fig. 1B, ~30 times higher than the prorteste pGL3-Basic vector)
upon transfection into the PK&expressing neuronal cell lines NIE115 and MN9D. Deletion
analysis of this 2.0-kb region revealed multiple positive and negeli&veents, all of which
contribute to the PK&expression. A strong negative element (NREI) present at -660 to -147
is capable of repressing the gene activity by 100%. Negatereeats have also been
implicated in the regulation of several other PKC family geRes example, a silencer-like

element at -1821 to -1702 was identified for the humanPg@moter (Quan and Fisher,
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1999). Furthermore, we characterized that this element is noteih atdrue silencer but
rather functions as a PK&promoter-specific repressive element. Computational analysis
this region did not reveal significant sequence identity with anywhkneilencer motif,
however, it contains multiple TFBS (data not shown), such as an ovag&ppAT1/Ets site
(-656 to -639) and an adjacent NF-Y site (-637 to -627), as weltlas/iastream WHNF site
(-596 to -591). Notably, STAT1, Ets and NF-Y are all known to serve & e in
transcriptional regulation, as an activator or as a représkomrothalassitis and Ghysdael,
2000; Ramana et al., 2000). Whether these elements are involved iprigssirey activity
has yet to be determined. Studies are under way to dissectaittdaoation of this negative
element and the proteins that bind to it. Additionally, locatethéarupstream of NREI is
another negative regulatory element (NREII, between -1694 and -11Bi3).element,
however, is relatively weak.

In deletion studies we also identified two novel positive regulagtggnents within
the 2.0-kb region of the PK&promoter. We previously identified a basal RK@omoter
(-147 bp to the TSS) that displays ~6 times greater activity teepGL3-Basic vector in
NIE115 and MN9D cells (Fig.1B, pGL3-147/+2), and axBFand NERFla sites are
responsible for its activity (H. Jin et al., unpublished data). Inptleeent study, we found
that the downstream fragment in exon 1 from bp +2 to +289 wasbleapf dramatically
enhancing the basal Pl&Gpromoter activity in both NIE115 and MN9D cells (Fig. 1B),
suggesting that this region contains most of the posiilssacting elements necessary for
PKC5 expression. Notably, when the location of this 288-bp positive elenanakered, its

enhancing activity was entirely lost (Fig. 3D). This suggégtsgroper distance arrangement
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of this element with respect to the basal BLomoter is important. In addition the region
between -147 and +289 appears to confer the greatest transcriptionl mcheurons, thus
functioning as a PKE& core promoter. Of particular interest was an additional positive
regulatory element from bp -1192 to -660. This element, which residsdlgiadjacent to
the NREI in the 52-bp region between -712 and -660, was able to sigtijfioaercome the
activity of NREI. Curiously, this region acts mechanisticall/ a novel anti-repressive
element. To date, only a few anti-repressive elements haverbperted for eukaryotic
genes (Wu et al., 2004). At this time, we could not provide any fuctiemacterization of
this interesting element or its binding protein. Future studidsaddress this issue. Taken
together from all these studies, the transcription of #KCtightly controlled by multiple
elements acting in concert to ensure its differential exijpresgattern in a variety of
biological processes.

Next, the major positive regulatory element immediately dowastref the PKG
transcription start site (bp from +2 to +289) was analyzed in |detaisilico analysis
identified four GC boxes in close proximity to each other at +208/+216, #2253/
+239/+247, and +256/+264, as well as an upstream CACCC box (alsb tta&l&T box) at
+35/+43 (Fig. 3A). The functional importance of these multiple Sp bindingfsnwas
assessed by site-specific mutagenesis and transfectiba ofutated constructs into NIE115
and MN9D cells (Fig. 3B). The results showed that all these snatié functional in
activating PK@ transcription, and that the five Sp binding sites appear functionally different.
The magnitude of activating effects is in the order GC(1) or2b&(GC(3) > GC(4) or

CACCC. Furthermore, an essential role for the cooperative atftiahthese Sp sites for the
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transactivation of PKE& transcription was confirmed. In addition to the Sp binding sites, i
silico analysis also revealed the presence of multiple otherST#ghin this +2/+289
segment (data not shown). Conceivably, theseelements may also contribute to the
regualtion of PKG expression.

The Sp family of transcription factors including Spl, Sp2, Sp3 and Sp4lar
structurally similar and are the most well-characteri@zirich-motif binding proteins. To
elucidate the roles of Sp family members in transcriptionguletion of PKG,
cotransfection studies using a reporter containing thesRiGmoter -147/+289 along with
Sp expression vectors were performed (Fig. 4A). These stualiealed a similar activation
profile of Sp transcription factors in NIE115 and MN9D cells, although jgronounced
transcriptional activation was observed in the latter. In bothlioes, Sp3 is the strongest
transactivator, whereas overexpression of Spl, Sp2, and Sp4 displayetéssuattivation
of the PKG promoter. It should be noted that both NIE115 and MN9D cells expressigd eas
detectable levels of endogenous Sp3 and Sp4, but undetectable levels ehend&@pl(Fig.
4B), suggesting that Sp3 and Sp4 may be responsible for a majaf RKCS promoter
activity in these two neuronal cell lines. The contribution of thetiplell Sp-binding sites
found within the PKG@ promoter to the Sp-mediated promoter activity was further ssges
using substitution mutant constructs. By using a smaller construoglnaGL3-147/+209,
which possesses the upstream CACCC motif but lacks the downdtreaiBC boxes, we
found that the CACCC motif is required for complete Sp2-mediatedqisvractivity in this
promoter context (-147 to +209). In contrast, this site is insuffid@ntomplete Spl, Sp3
and Sp4 transactivation (Fig. 5B). This suggests additional Sp-likinli sites within this

region that are important for Sp transactivation of the #Kfdmoter. On the other hand,
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cotransfection of Sp expression plasmids with pGL3+165/+289 triple muatardtructs

confirmed that each of the four downstream GC boxes is suffitierdcomplete Spl, Sp3
and Sp4 transactivation. However, cooperative action of different GC mxeguired for

mediating Sp2 transactivation, since triple GC boxes mutatiord falenediate any Sp2
transactivation (Fig. 5C-D). This different mode of action betwgeh&hd other Sp family
members is not surprising, as they have different DNA binding fepgcand affinities. For

example, Spl, Sp3 and Sp4 bind GC boxes with similar specificityafiintties, whereas
Sp2 binds with much lower affinity (Hagen et al., 1992).

To precisely analyze the transcriptional roles of the Splyawhitranscription factors
in a Sp-deficient background, transfection assays were carriad Bubsophila SL2 cells
(Fig. 6). We demonstrated a dual function of Sp3 in regulatingdRKascription: the long
isoforms of Sp3 most potently activate the RKi@omoter, whereas the short isoforms of
Sp3 are transcriptionally inactive on their own, which may be dubecabsence of the
N-terminal transactivation A domain present in the long isofarhfp3 (Sapetschnig et al.,
2004). These data together suggest that the Sp3 isoform expressidmawveaa dramatic
effect on PKG expression. Indeed, alteration of the Sp3 isoform ratio has been abserve
under certain conditions (Sapetschnig et al., 2004). In combination expt¥i(kéy. 6B),
overexpression of Spl had no effect on the transcriptional activatioimebyong Sp3
isoform, although Sp4 was able to transactivate the promoter tamtiviay the long Sp3
isoform in an additive manner, only when a higher amount of Sp4 expre&sitor was
transfected. In contrast, obvious synergistic activation of #pgi@moter transcription was
observed when combining Sp2 with a long isoform of Sp3. However, this fireding seen

in mammalian cells, probably because there is already enoughesmodsgSp2 and Sp3 in
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these cells.

Several additional lines of evidence solidify the essential ofleSp family
transcription factors in controlling PKCexpression. First, by using the Sp inhibitor
mithramycin A, we demonstrated that transcription of the #g@moter is dependent on Sp
activity (Fig. 7A-B). At the highest dose of 5 uM mithramya@y) more than an 80%
decrease of full length PKCpromoter activity was achieved in NIE115 cells. Second, the
more importantly, mithramycin A also suppresses, albeit to a mester extent, the
endogenous PK&expression in NIE115 cells and primary striatal neurons (Figg)/This
information also suggests that the endogenous &PE€he is under different layers of
regulatory control in addition to the 5-promoter in the context okeapgenous reporter
plasmid. Epigenetic regulatory mechanisms, such as DNA matwyladr histone
modifications, might be involved in the regulation of RK&xpression and could account for
this complexity. The mouse PK(romoter is GC rich and contains a putative CpG island
that is partly methylated in NIE115 and MN9D cells (data not showurthermore,
treatment of NIE115 cells by the methylation-specific irtbibi5’-aza-2’-deoxycytidine
(5-Aza-dC) significantly increased the endogenous ®KIRNA expression and attenuated
its methylation status (Fig. S2). DNA methylation has been shmwinterfere with the
binding of Sp1 to DNA (Kudo, 1998). Experiments are in progress to elaciedther CpG
methylation of the PKE& promoter could affect the function of Sp transcriptional factors i
regulation of PK@ expression. Third, chromatin immunoprecipitation assays confirmed that
transcription factors Spl, Sp3 and Sp4 bind to the Pl@moter for transcriptional

activation in NIE115 cells, in the environment of chromaitirvivo (Fig. 8A). Finally, gel
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mobility shift assays with nuclear extracts from NIE115 cedtected the formation of one
specific complex with the PK& +205/+236 oligonucleotide, of which relevance to Sp
factors was further confirmed by using specific competitors (Fig. 8B).

The Sp-factors regulate a variety of genes that are invalvdteiapoptotic cascade.
This has been reported for the caspase-3 (Sudhakar et al., 20083eeagheedtke et al.,
2003), FasL (Kavurma et al., 2001), and finally as shown in the preseiyt for PKG.
While the Spl factor functions as activator of transcription, thetimof Sp3 is less clear.
It is generally accepted that Sp3 is the only protein in theuBfamily that can either
positively or negatively modulate the gene expression. The role oS@E®h activator or
repressor remains elusive. Evidence suggests that its adiivapgly depends on the
structure and arrangement of Sp-recognition sites as wélleacell type-specific difference
(Sapetschnig et al., 2004). Our results suggest that for the mouseb@kéa promoter, Sp3
acts as a strong activator. In addition, regulation of Spl and Sp&ya achieved by
post-translational modifications. For examples, the post-translatioraification to
Spl/Sp3 by acetylation stimulates their activity (Ammanamaetchi., 2003; Hung et al.,
2006), whereas sumoylation of Sp1/Sp3 causes their inactivation (SpangdleBrattain,
2006). Although our Spl or Sp3 acetylation immunoprecipitation and Westeranalgsis
failed to detect any endogenous acetylation of Spl or Sp3 in norf@al Bl cells (data not
shown), we could not exclude the possibility that Spl or Sp3 is atatyin response to
specific stimuli, such as oxidative stress (Ryu et al., 2003d¢ttion to posttranslational
modifications, regulation of the activities of Sp family memlads® includes protein-protein
interactions. For examples, Spl and Sp3 bind directly to p300 and its ha@RBR{Suzuki

et al., 2000; Walker et al., 2001). We previously demonstrated tHRK@G gene expression
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is p300-dependent, and that p300 associates endogenously with the rat gek&
Nevertheless, the roles of p300/CBP in the facilitation of #i§€ne expression are still
poorly understood. In the present study, our evidence suggests thdtdrpression of p300
or CBP resulted in a dose-dependent activation of mouse PkKinoter (Fig. 9A-B) in the
NIE115 cells. Furthermore, it appears that the GC boxes arealcfoci the p300/CBP
activation, as overexpression of CBP/p300 did not activate the Splerepontaining
mutations in the GC boxes (Fig. 9C-D). More interestingly, owlteslso indicate that
p300 may activate PK&transcription by HAT-independent mechanisms (Fig. 9A), which
may partly explain why we could not detect any endogenous acatytat Spl or Sp3 in
NIE115 cells.

In summary, we have functionally characterized for the finsé the regulation of
PKCs gene promoter in neuronal cells. Our results clearly indibatenultiple positive and
negative regulatory elements contribute to BH@moter expression. In particular, we have
identified the core promoter located between nucleotides -147 and +289, amnsttated a
functional role for five Sp sites within this region in the regatatof constitutive PKG
expression. We have also shown that Sp1, Sp3, and Sp4 directly bind toG&emkhoter
through the multiple Sp sites and positively regulate #Kxpression. Furthermore, ectopic
expression studies revealed that the expression level of thé §&@ correlates well with
the sensitization of dopamine neurons to oxidative stress-induced necetindéath (Fig.
10). Taken together with our previous observation that PKl@ys a critical role in the
oxidative stress-induced dopaminergic degeneration in PD (Yaal, é004; Kaul et al.,
2005), and that PK&inhibition has been explored in preclinical models of PD (Kanthasamy

et al., 2006; Zhang et al., 2007a), these findings have important ingis&br the utility of
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PKCs as a target in developing novel drug therapies for PD.

o AJLb
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Figure 1: Deletion analysis of PK@ promoter activity in NIE115 and MN9D cells

A, The schematic diagram of mouse RK@ene structure on chromosome 14. Exons are
marked byboxes and number below each box, dsldck andred regions indicate the coding
and noncoding exons, respectivedyrow indicates the position of the translation start codon
(ATG). B, Schematic representation d?PKC3 promoter deletion/luciferase reporter
constructs. An extensive series of RK@omoter deletion derivatives was generated by PCR
methods and inserted into the pGL3-Basic luciferase vector. Thed53'apositions of the
constructs with respect to the transcription start site gnetéd.C, Each construct as shown
in B was transiently transfected into NIE118ack bar) and MN9D Dlue bar) cells. Cells
were harvested 24 h after transfection and luciferase actiweee determined. The plasmid
pcDNA3.1f#gal was included in each transfection to normalize the promotiertyaaevith
transfection efficiency. The activity of full-length promoter domst (pGL3-1694/+289) was
arbitrarily set to 100, and the relative luciferase activity of the othetrcatswas calculated
accordingly. The results represent the mean = SEM of thrdependent experiments

performed in triplicate.
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Figure 2: Mapping of the identified repressive and anti-repessive elements within the
PKC8 promoter and evidence for the PK@ promoter-specific repressive element

A, The schematic representation RIKCS promoter 5’ deletion constructs used for the fine
mapping study. The 5’ and 3’ positions of the constructs with respect to therippaons start
site are depicted, Each construct as depictedAnwvas transiently transfected into NIE115
(black bar) and MN9D plue bar) cells. Cells were harvested 24 h after transfection for
assaying luciferase activities. The plasmid pcDNARjat was cotransfected into cells for
data normalization. The activity of pGL3-147/+289 was arbitrarily set to 100handlative
luciferase activity of the other constructs is presented. Tdtseepresent the mean £ SEM
of three independent experiments performed in triplicat&he isolated repressive element
of the PKG promoter does not function as a locus-independent DNA element. The
sequences around the identified repressive element (-660 to —561 BK@aepromoter)
were directly fused to the 5’-end of the region between -14289 of the PKG promoter,
and cloned into the pGL3-Basic luciferase vector to obtain pGL3-660/-b681-p47/+289.
NIE115 (lack bar) and MN9D cells lflue bar) were transfected with pGL3-147/+289 or
pGL3-660/-561 plus -147/+289 for 24 h, and luciferase activity was detetnfhohematic
diagram of these constructs are shown atithi@. The activity of pGL3-147/+289 was set to
100, and the relative luciferase activity of pGL3-660/-561 plus -147/+2Beesented. The
results represent the mean + SEM of three independent experipeefismed in triplicate.

D, The isolated repressive element of the BKftomoter does not act on a heterologous
promoter (SV40). The sequences of the putative PKpressive element (-660 to —561 of

the PKG promoter) were cloned upstream of the SV40 promoter in pGL3-Pronesttr
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to obtain pGL3-Promoter-660/-561. NIE11Blgck bar) and MN9OD plue bar) cells were
transfected with pGL3-Promoter or pGL3-Promoter-660/-561 for 24 h, and luciterthgéy
was determined. Schematic diagram of these constructs are stdheright. The activity
of pGL3-Promoter was set to 100, and the relative luciferasavitac of
pGL3-Promoter-660/-561 is given. The results represent the meafM & three

independent experiments performed in triplicate.
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Figure 3: Functional analysis of the PK@ proximal promoter

A, Sequence comparison of the mouse P€@moter region between +2 to +289 with the
corresponding regions of the rat and human Kmoters. Sequences were aligned with
the DiAlign TF program. Sequence differences are indicated apd @¢ntroduced to
maximize homology are marked bigshes. Phylogenetically conserved TFBS as well as the
CACCC box present only in the mouse RK@romoter are indicatedoverlined). B,
Schematic representation of the wild-type or mutated PK@moter reporter constructs
containing targeted substitutions in the Sp binding sites. The potBptisites are indicated
at thetop. The mutated site is marked with and the non-mutated Sp sites are indicated by
eithercircle or square. C, The wild-type or mutated reporter constructs as shovBirere
individually transfected into NIE11%l@ck bar) and MN9D blue bar) cells, and luciferase
activities were assayed after 24 h. To adjust for tranefecéfficiency, the plasmid
pcDNA3.1fgal was included in each transfection. The activity of wild-tymastruct
(pGL3-147/+289) was arbitrarily set to 100, and promoter activity hef utants is
expressed as a percentage of the wild-type construct. Thesnequiésent the mean £+ SEM
of three independent experiments performed in triplicate. The sexpiehavild-type and
mutated Sp site are shown at the right side of the bar graghsubstituted nucleotides are
shown inbold. D, Absence of enhancer elements in the GC-rich sequence (+2/+28@) of
mouse PKG promoter in NIE115 cells. The PK@romoter GC-rich sequence (+2 to +289)
was cloned in both orientations into the Sall site of the pGL3-14#&p@rter constructs as
described undeExperimental Procedures. These constructs were individually transfected

into NIE115 cells for 24 h, and luciferase activity was determinediférase activity was
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normalized with3-galactosidase. The right panel shows schematic diagram afrib&ucts.
The activity of pGL3-147/+2 was set to 1, and the relative lwsteractivity of all other
constructs were calculated and expressed as fold of pGL3-147/+2eduits represent the

mean + SEM of three independent experiments performed in triplicate.
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Figure 4: PKC8 promoter activity is stimulated by Sp-family members of tanscription
factors in NIE115 and MN9D cells

A, Variable amounts (ug) of pN3-Spl, pN3-Sp3 FL, pN3-Sp4, or pcDNA-Sp2 expression
plasmid or empty vector (pN3 or pcDNA3.1), as indicated, wereamsfiected with the
PKC3 promoter reporter construct pGL3-147/+289 into NIEId&dk bar) and MN9D blue

bar) cells. Luciferase activity was measured after 24 h rahsfection. The plasmid
pcDNA3.1figal was included in each transfection for data normalization. Vaduwes
expressed as fold induction relative to that obtained from cells transfethe8 pg of empty
vector EV) and represent the mean + SEM of three independent experimeiotsneel in
triplicate. Variations in the amount of total DNA were compesdsatith the corresponding
empty vector pN3 or pcDNA3.B, Overexpression of Sp factors in transfected NIE14f5 (
panel) and MN9D (ight panel) cells was determined by immunoblotting analysis. The cells
were transfected with Sp expression plasmids in the same masWeWhole cell lysates
were prepared 24 h after transfection and immunoblotted for Spl, Sp3, Spéctn
(loading control). Both short Sp3 (sSp3) and long Sp3 (ISp3) isoforms are.sGpwWwhe
expression plasmids pN3-Spl, pN3-Sp3 FL, pN3-Sp4, and empty vector pN3 were
cotransfected along with the PR@romoter reporter construct pGL3-147/+289 into NIE115
either alone or in the different combinations, as indicated (nug)wbéh@ bar graph.
Luciferase activity was determined after 24 h of transfecbaa shown represent the mean

+ SEM of three independent experiments performed in triplicate.
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Figure 5. Effects of site-directed mutagenesis of Sp bimty sites on PKG promoter
activity transactivated by overexpression of Sp transcription factors in NIE15 cells
NIE115 cells were cotransfected with the indicated wild-typenatated PK@ reporter
constructs and 8g of pN3-Sp1, pN3-Sp3 FL, pN3-Sp4, pcDNA-Sp2, or empty vector (EV)
pN3 or pcDNA3.1. Luciferase activities were assayed after 24 Me Pplasmid
pcDNA3.1f$gal was included in each transfection to adjust for transfectfameacy. The
activity that obtained following cotransfection of the wild-type ¢art (pGL3-147/+209 or
pGL3+165/+289) with empty vectoEY) was arbitrarily set to 100, and all other data are
expressed as a percentage thereof. The results represent theSad&é of three independent
experiments performed in triplicatéd, Schematic representation of the wild-type BKC
promoter reporter constructs pGL3-147/+209 and pGL3+165/+289. The potentitdsSgarsi
depicted by eithegircle or square. B, NIE115 cells were cotransfected witing either wild-
type (pGL3-147/+209) or mCACCC mutated luciferase reporter eanstalong with g

of the expression plasmids pN3-Spl, pN3-Sp3 FL, pN3-Sp4, pcDNA-Sp2, oy eeqgbor
(PN3 or pcDNA3.1).C, Wild-type (pGL3+165/+289) or triple mutated luciferase reporter
constructs, as indicated, were cotransfected into NIE115 cells althgthe expression
plasmids for Sp-family members of transcription fact@rsWild-type (pGL3+165/+289) or
single mutated luciferase reporter constructs, as indicated, sotransfected into NIE115

cells along with the pcDNA-Sp2 or empty pcDNA3.1 expression vector.
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Figure 6. Effects of overexpression of Sp-family members dfanscription factors on

the PKC3 promoter activity in SL2 cells

A, The PKG promoter reporter construct pGL3-147/+289 (4 pg) was cotransfected wi
variableamounts (1-4pg) obrosophila expression plasmids for Spl (pPac-Spl), the short
isoform of Sp3 (pPac-Sp3), the long isoform of Sp3 (pPac-USp3), théehgth of Sp3
(pPac-Sp3FL), Sp4 (pN3-Sp4), or Sp2 (pPac-Sp2pinsophila SL2 cells. Luciferase
activity was measured after 48 h of transfection. Dhesophila f-gal expression plasmid
p97b was included in each transfection for data normalization. Valeesxpressed as fold
induction relative to that obtained from cells transfected Withg of empty vector (pPac0)
and represent the mean + SEM of three independent experimerdgargetfin triplicate.
Variations in the amount of total DNA were compensated withcthreesponding empty
vector pPac0B, The Drosophila expression plasmids pPac-USp3, pPac-Spl, pPac-Sp4, and
pPac-Sp2 were cotransfected along with 4 pg of #Komoter reporter construct
pGL3-147/+289 into SL2 cells either alone or in the different combinateenmdicated (Lg)
below the bar graph. Variations in the amount of total DNA were coggped with the
corresponding empty vector pPacO. Luciferase activity was deedmafter 48 h of
transfection. Transfection efficiency was normalized3lyalactosidase activity. Values are
expressed as fold induction relative to that obtained from celisfected with pPacO alone

and represent the mean + SEM of three independent experiments performed itetriplica
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Figure 7: Mithramycin A (MA) inhibits expression of the PKC8 gene

A-B, PKGS promoter activity is attenuated in NIE115 cells after treatmagéth mithramycin

A. The PKG promoter reporter construct pGL3-1694/+289 ¢r pGL3-147/+289K) was
transfected into NIE115 cells. After 4 h transfection, the @& incubated with or without
Sp-factor inhibitor mithramycin A at concentrations ranging ft@®5 to 5uM for 24 h.
Cells were then harvested and luciferase activities wererndetd. The plasmid
pcDNA3.1f$gal was included in each transfection to correct the differeimcesnsfection
efficiencies. Values are expressed as a percentage a€titagy of control and represent the
mean + SEM of three independent experiments performed in ttgli€s, p<0.01; ***,
p<0.001; between the control and mithramycin A-treated sam@l&s)Endogenous PKE
MRNA levels are reduced by mithramycin A. NIE115 cel¥ ¢r primary striatal neurons
(D) were treated with different concentrations of mithramycifoA24 h. Real-time RT PCR
analysis of PK@ mRNA level was performed-actin mRNA level was served as internal
control. Values are expressed as a percentage of the acdfivityntrol and represent the
mean + SEM of three independent experiments performed in tripli¢atg<0.05; **,
p<0.01 compared with the control and mithramycin A-treated sampled)eft panel:
Exposure of primary striatal neurons to @M mithramycin A reduced PKE&E
immunoreactivity. Primary striatal cultures were treatédth wr without 5uM MA for 24 h.
Cultures were immunostained for PEKQed), and the nuclei were counterstained by Hoechst
33342 (blue). Images were obtained using a Nikon TE2000 fluorescence wp&osc
(magnification 60x). Scale bar, . Representative immunofluorescence images are shown.

The insert shows a higher magnification of the cell body arfemht panel:
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Immunofluorescence quantification of PBCfluorescence intensity. Fluorescence
immunoreactivity of PK@ was measured in each group using Metamorph software. Values
expressed as percent of control group are mean + SEM and representaégalfsobtained

from three separate experiments in triplicate (**, p<0.01).
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Figure 8: Binding of Sp-family of transcription factors to the PKC8& promoter in
NIE115 cells

A, ChIP assays in NIE115 cells indicate a physical associafiSpl, Sp3, and Sp4 with the
PKC3 promoter region. Cross-linked chromatin was isolated from NIE1l$ tcansfected
with the expression plasmids for Spl (pN3-Spl), Sp3 (pN3-Sp3 FL),B{84Fp4), or the
empty vector pN3, as indicated. Isolated chromatin was enzymatigjested and
immunoprecipitated with anti-Spl (lane 2 and 7), anti-Sp3 (lane 3 andnti@$pd (lane 4
and 13), or antibody-free control (lane 6, 9, 12, and 15). The subsequentlydpDii¥i&
from immunoprecipitated samples and unimmunoprecipitated sameteflaad nput, lane
5, 8, 11, and 14) was subjected to PCR amplification with primersfispémi PKCS
promoter region that generates a 312-bp fragmBnEMSA to test binding of nuclear
proteins from NIE115 cells with the Sp site of the BK@omoter. EMSA was performed
with an IRye700-labeled probe corresponding to the #g@moter GC (1) and (2) motifs
and 10ug of nuclear extract from NIE115 cells. As indicated, various ctitope (100-fold
excess of unlabeled oligokane 3-8) were added to the mixture before adding probe. The
sequences of the competitors are shown in Table S2. The spedficon-specific (labeled

as N.S.) complexes are indicated by arrows.
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Figure 9: PKC3 promoter activity is stimulated by p300/CBP in NIE115 cellsand this
effect is independent of p300 HAT activity and requires functional Sgites

A-B, Variable amounts (1g) of expression plasmid for p300 (pCl-p300) and p300 mutant
(pCIl-p30AHAT) (A), or CBP (pcDNA-CBP) B) were cotransfected with the PEC
promoter reporter construct pGL3-147/+289 into NIE115 cells. Variatiottseimmount of
total DNA were compensated with the corresponding empty ve&Wd) pCineo or
pcDNA3.1. Luciferase activity was measured after 24 h of teatish. The plasmid
pcDNA3.1figal was included in each transfection for data normalization. Vauwes
expressed as fold induction relative to that obtained from cells transfethe8 pg of empty
vector and represent the mean + SEM of three independent experipggfdemed in
triplicate. (**, p<0.01; ***, p<0.001; as compared to the EV-transfectadpdes) C-D,
luciferase reporter constructs Spl-Luc or mSpl-Luc was cédcied with variablamounts
(ug) of expression plasmid pCl-p30C)(or pcDNA-CBP D) were into NIE115 cells.
Luciferase activity was measured after 24 h of transfectioluegaare expressed as percent
of that obtained from cells cotransfected with 8 pg of EV and-type Spl-Luc construct

and represent the mean £ SEM of three independent experiments performed itetriplica
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Figure 10: Overexpression of PK@ sensitizes MN9D dopaminergic cells to oxidative
stress-dependent neurodegeneration

MN9D cells were transfected with plasmid expressing 8&EP or control plasmid
EGFP-C1 for 18 h. The cells were then switched to a serumfesktum and exposed to
various doses of #D,, ranging from 0.5 to 2.0 mM for 20 h. Cells were collected and
assayed for DNA fragmentatioteff panel). Data shown represent mean = SEM from two
independent experiments performed in quadruplicate (*, p<0.05; **, p<0.01; *** p<0.001;
compared with the control and,®,-treated samples). The overexpression of BKEP

was confirmed by GFP fluorescence imaginigtt panel). Images were obtained using a

Nikon TE2000 fluorescence microscope (magnification 20x). Scale bam100
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experiments performed in triplicate.

Figure S1:Additive activation of PKC 8 promoter transcription by Sp2 and Sp3

The expression plasmids pN3-Sp3, pcDNA-Sp2, and empty vector ppdDA3.1 were
cotransfected along with the PR@romoter reporter construct pGL3-147/+289 into NIE115
either alone or in the different combinations, as indicated belovbahgraph. Luciferase
activity was determined after 24 h of transfection. Transfeetfaciency was normalized by
B-galactosidase activity. Data expressed as fold inductionvel@tithat obtained from cells

transfected with empty vector alone and represent the mean +dbEMee independent
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Figure S2: Treatment with methylation inhibitor 5’-aza-2’-deoxycytidine (5-Aza-dC)

significantly increased endogenous PKE mRNA and attenuated PKG promoter

methylation in NIE115 cells

NIE115 cells were treated with varying doses of 5-Aza-dC foh,2ds indicated, and cells

were than collected for real-time PCR analysis of BIKERNA (A) or bisulfate-modification

and subsequent MSP analysi (vith primers for methylated (M) and unmethylated (U)

DNA. PCR bands inB) were analyzed using the one-dimensional image analysis software

(Kodak Molecular Imaging System), and the relative methylatiatustwas expressed as

ratio of methylated versus unmethylated. (*, p<0.05; between therotomind

5-Aza-dC-treated samples)
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Table S1: List of primer sequences used in the styd

Primer Sequence (5’-3’)

P-1694 F GTCTATCTCGAGGATCTGACGCCCTCTTCTGGAGT
P-1193 R1 GTCCTGATAACTGTCCCCACCCCAT

P-1217 F ATGGGGTGGGGACAGTTATCAGGAC

P+289 R GTCTATAAGCTTACCTCACCCAGGTGCCGG
P-1192F ATATATCTCGAGTGGGGACTTAAATACTAATT
P-1193R2 ATATATAAGCTTGTCCTGATAACTGTCCCCAC
P-660F1 ATATATCTCGAGTATCCTCCCAGGAAGAGTTCTCG
P-660F2 ATATATGGTACCTATCCTCCCAGGAAGAGTTCTCG
P-659R ATATATAAGCTTTACAAGAGGGTTCTAATAGCC
P-147 F ATATATCTCGAGTCTCGGGCAGGACTGGAACC
P-148R ATATATAAGCTTGAAGGAGCTGGGAGGTCTCC
P+2 F ATATATCTCGAGTCCTGGGCTCCATTGTGTGTG
P+2R GTCTATAAGCTTAGGCACCGACGGGGCTTCC
P-1072F ATATATCTCGAGCCCCAATGTACATTTAAAATAAGG
P-882F ATATATCTCGAGGATCTCGTTAAGGATGGTTGTG
P-822F ATATATCTCGAGTCGGAAGAGCAGTCGGGTGCTC
P-712F ATATATCTCGAGAGGTAGTTTTCCAGAAGGAAC
P-560F ATATATCTCGAGGAGCACTGGAGTATTATTCTGAG
P-460F ATATATCTCGAGAGCCCAGGAAGTCATTTCTTTG
P-371F ATATATCTCGAGATTTGGTGCTCAGACTTTGGGC
P-300F ATATATCTCGAGTCTTATGAGCTTGACTGAGCAAGG
P-250F ATATATCTCGAGAGACAGTGAGATGGGGGCAGA
P-197F ATATATCTCGAGTGAGACAAACTGGCTAGAACCTC
P-561R1 ATATATGCTAGCAGGGGGAGAAAGCAGGAGAAT
P-561+2F TGCTTTCTCCCCCTCCTGGGCTCCATTGTGTGTG
P-561+2R CAATGGAGCCCAGGAGGGGGAGAAAGCAGGAGAA
P+209R GTCTATAAGCTTACGTGAGCTGGGGGTCCAGC
P+165F ATATATCTCGAGTTGCAACTCAAAGAGGCTGA
mGC(1) F GGACCCCCAGCTCACGRAGCTTAGCTTCGAAG
mGC(1) R ACGTGAGCTGGGGGTCCAGCGCGTCTCAGC
mGC(2) F TGGGCGGAGCTTCGAARAGCTITGCGCCCGTGG
mGC(2) R CTTCGAAGCTCCGCCCACGTGAGCTGGGGG
mGC(3) F AGGGGCGGGCGCCCGTBAGCITGTCCTGAGTG
mGC(3) R CACGGGCGCCCGCCCCTTCGAAGCTCCGCC

F, Forward; R, Reverse; g, quantitative RTR; m, mutant primers; ChIP, primers used for ChaKperiment:
Methylated and unmethylated, primers used for Mgegments.
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Table S1 (continued)

Primer Sequence (5’-3’) Amplicon
mGC(4) F GGGCGGGTCCTGAGTGBAGCTTGACCGGGGCC

mGC(4) R CCACTCAGGACCCGCCCCACGGGLCGeeeae

mCACCC F GTGTGCAGTGCTCAAO CTAACCTTT AACTTGGCCT

mCACCC R GTTGAGCACTGCACACACAATGGAGCCCAG

mGC(2,3) F AGAAGCTTGCGCCCGTAAGCTTGTCCTGAGTG

mGC(2,3) R CACGGGCGCAAGCTTCTTCGAAGCTCCGCC

mGC(1,2,3) R CACGGGCGCAAGCTTCTTCGAAGCTAAGCT

PKGs Fq TCTGGGAGTGACATCCTAGACAACAACGGG 410
PKGCs Rq CAGATGATCTCAGCTGCATAAAACGTAGCC

ChIP F=P+2F ATATATCTCGAGTCCTGGGCTCCATTGTGTGTG 312
ChIP R=P+289R  GTCTATAAGCTTACCTCACCCAGGTGCCGG

Methylated F TGTAATTTAAAGAGGTTGAGACGC 228
Methylated R TAACCGTCTCTAACTCTTATAACGC

Unmethylated F TAGTTGGTTAGTGGGGAGTTTTG 228

Unmethylated R

TTAACCATCTCTAACTCTTATAACACC

Sequence of primers for constructions mouse PgO@moter reporter plasmids, site-directed
mutagenesis, real-time RT-PCR, and ChIP experiments. Boli##ees indicate mutated

bases.
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Table S2: Sense sequences of the oligonucleotidesd in EMSAs

Probe/Competitor Sense oligonucleotide (5’-3’)

Pka3GC(1, 2) CACGTGGGCGGACTTCGAAGGGGCGGGGCC
Pka3GC(1, 2) mutant CACGTaal Cit AGCTTCGAAGaalCTitCGCC

Spl consensus ATTCGATCGGGGCGGGEGAGC

Spl consensus mutant ATTCGATCGaalCitt GCGAGC

Pka3GC(1) GCTCACGTGGGCGGACTTC

Pka3GC(2) CTTCGAAGGGGCGGGGCCCG

Nucleotide sequences of the consensus binding motif are underlined. Mudagegairs in

mutant oligos are highlighted in bold and in lowercase.
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CHAPER IlI: HISTONE ACETYLATION UPREGULATES PKC & VIA
SP-DEPENDENT TRANSCRIPTION IN DOPAMINERGIC NEURONS:
RELEVANCE TO EPIGENETIC MECHANISMS OF NEURODEGENERATION I N

PARKINSON'’S DISEASE

A paper submitted tdournal of Biological Chemistry

Huajun Jin, Arthi Kanthasamy, Anamitra Ghosh, Vellareddy Anantharam, and Arhanant

Kanthasamy

Abstract

Protein Kinase € (PKG) is an oxidative stress sensitive kinase that plays a causal
role in apoptotic cell death in cell culture and animal models of Parkinson’selige2). We
previously characterized multiple DNA regulatory elements puasitively or negatively
regulate PKG gene expression in neurons. We identified members of the Sp protein fa
of transcription factors as fundamentally critical determinaotsbasal PKG gene
transactivation. However, the association between epigenetiglatieg and PKG
expression has not yet been studied thus far. Here, we reportetimbent with sodium
butyrate (NaBu), a specific histone deacetylase (HDAC) irgrigignificantly enhanced the
PKGCs protein and mRNA levels in primary striatal and nigral neurormsia NIE115 and
MNOD cells. Other HDAC inhibitors, valproic acid (VPA), scriptaid¢chostatin A (TSA),

and apicidin, all mimicked the action of NaBu to induce BK@aBu-induced PKE&
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expression correlated with hyperacetylation of H4 histone assdomth PK@ promoter,
suggesting that acetylation-dependent chromatin remodeling mayaplale in PKG
upregulation. To further explore the molecular basis of histone atetddependent PKLC
upregulation, PK& promoter analysis was performed using reporter gene assays. ahd
other tested HDAC inhibitors all dramatically increased th&C®Iigromoter activity in a
dose-dependent manner. By using deletion analyses, the minegahent of the PKE
promoter in response to NaBu was mapped to an 81 bp non-coding exon 1 +2@@rq
+289). The site-directed mutagenesis studies revealed that euBipl sites within this
region are major elements conferring the responsiveness to-iNdBted promoter activity.
In addition, transcriptional activity of Spl and Sp3 was signifigamtuced by NaBu.
Importantly, the ectopic expression of Spl, Sp3, or Sp4 significaatizanced
NaBu-mediated transactivation of PB(promoter, whereas the ectopic expression of
dominant negative mutant of Spl or Sp3 didn’t cause this effect. MorebgeBp protein
inhibitors mithramycin-A and tolfenamic acid dose-dependently blodkae8u-induced
PKGCs promoter activity. In addition, transcriptional activity of Sp1l and Sa8 significantly
induced by NaBu in a one-hybrid system. By utilizing the sarsayasve found that the B
domain and the glutamine-rich segment of the A domain of Spl anda8p3o(acids Spl
146-494; Sp3 81-499) were essential for the NaBu-induced transactivdtitie PKG
promoter. Transient overexpression of p300 or CBP potentiated NaBu-induced
transactivation potential of Spl or Sp3, whereas transient overexpresti HDACs
attenuated this effect, suggesting that p300/CBP and HDACs aotagsaco-activators or
co-repressors in response to NaBu exposure. Finally, NaBu treatment ii7tlaCk mouse

model caused a time-dependent induction of PK€ne expression. Taken together, our
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studies reveal that histone acetylation regulates the expregsageroapoptotic kinase PKC
in the nigrostriatal dopaminergic systema the Sp-dependent epigenetic mechanism, which

may play a role in the pathogenesis of PD.

Introduction

PKC represents a large family of at least 12 serineftiee kinases that regulate
various cellular events, including proliferation, cell cycle progjoes differentiation, and
apoptosis (Dempsey et al., 2000). Based on their structure and subsgusEtements, 11
PKC isoforms are categorizeded into three subfamilies, namely roova PKCs §, B,
Bll, andy), novel PKCs g, ¢, n, and6), and atypical PKCs{( 1, and}). The novel PKC
member, PK@ has been recognized as a key pro-apoptotic effector in varedusyges
(Brodie and Blumberg, 2003; Kanthasamy et al., 2003b). The role o®% RiK@ervous
system function is beginning to emerge, and our recent studies dhbatePKG is an
oxidative stress-sensitive kinase, and that persistent activation PIKC5 by
caspase-3-mediated proteolytic cleavage is a key mediatomuhiple models of
PD-associated dopaminergic neurodegeneration (Anantharam et al., 2002t Kb, 2003;
Kitazawa et al., 2003; Kaul et al., 2005b; Latchoumycandane et al., 20@&)nakively,
pharmacological inhibiton of PK&or depletion of PK& by siRNA is sufficient to prevent
neurotoxin-induced dopaminergic neurodegenerationvo andin vitro (Yang et al., 2004;
Kanthasamy et al., 2006; Zhang et al., 2007a), indicating that PK@d represent a valid
pharmacological target for development of a neuroprotective gyradgainst oxidative

stress-induced dopaminergic degeneration in PD. Furthermorey R&Cbeen found to act
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as a key mediator of apoptosis in neurons of PD patients (Clarke, 280@gdition,
improper PK®@ activity, caused by aberrant expression of BKRas been implicated in
disease conditions, such as ischemia/hypoxia (Miettinen et al., 1989&jamsm (see Chapter
V), and cancer (Reno et al., 2008). Therefore, an understanding of thellsroleechanisms
that control the amount and activity of PK@& of physiological and pathophysiological
interest.

Previously, we characterized the P&K@romoter in detail (see Chapter Il). The
promoter does not contain a TATA box. There are multiple major tegylalements within
the mouse PKE& promoter, such as a strong positive regulatory element located at
non-coding exonl (+1 to +288), a core promoter (-147 to +1), a negativatoegldlement
(-660 to -561), and an interesting anti-inhibitory regulatory element2(-to -660).
Moreover, several functional TFBS within the mouse BK@omoter have been revealed,
including NkB, NERF1a, and PU.1 sites residing in the core promoter, thasvéve Sp
binding sites within the non-coding exon 1 region. It remains unknown, howekiether
epigenetic mechanisms contribute to the regulation ofdd@De expression.

Acetylation and deacetylation of both histone and non-histone proteina plaotal
role in the epigenetic regulation of gene expression. Histone aiietytatalyzed by histone
acetyltransferases (HATs) promotes a more relaxed chromsatiicture, which allows
various transcription factors access to the promoter of targesgén contrast, deacetylation
by histone deacetylase (HDACs) leads to chromatin condensation camsequent
transcriptional repression (Yang and Seto, 2007). The HDAC inhikbaterslassified into

four groups: short-chain fatty acids, hydroxamic acids, cydrageptides, and benzamides
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(Dokmanovic et al., 2007). Among them, butyrate is thought to be the nesivef HDAC
inhibitor due to its ability to cross the blood-brain barrier (Satdh Pahan, 2006). Although
many studies show neuroprotective effects of HDAC inhibitorsuéidg et al., 2009),
growing evidence also suggests a pro-apoptotic role for it in ne(itoetz and Casaccia,
2010; Salminen et al., 1998; Bouitillier et al., 2003; Wang et al., 2009).

In this study, we demonstrate that HDAC inhibition markedly indii€€5 gene
expression in the striatum and substantia nigra of animals, iragyrimigral and striatal
neuronal cultures, and in NIE115 and MN9D cells. Quritro experiments reveal that
butyrate induces hyperacetylatiohhistone H4 associated with PBR@romoter in NIE115
cells. Furthermore, the minimal region of the Ri@omoter mediating butyrate induction is
mapped to an 81 bp region, and four functioning GC boxes within this regiomtes tjud
butyrate-stimulated activity. Moreover, we present evidence tocdtelithat butyrate
increases the transactivating capacity of Sp proteins to activatPKG promoter. Taken
together, upregulation of the pro-apoptotic RKEy HDAC inhibitors may represent a novel

molecular mechanism of their neurodegenerative effects.

Experimental Procedures

Reagents

Mithramycin A, NaBu, TSA, mousg@-actin antibody, and tolfenamic acid were
purchased from Sigma-Aldrich (St. Louis, MO). VPA, scriptaid, andidipi were obtained
from ALEXIS Biochemicals (Plymouth Meeting, PA). The Brawf protein assay kit was

purchased from Bio-Rad Laboratories (Hercules, CA). Lipofeicar2000 reagent, Alexa
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680-conjugated anti-mouse secondary antibody, and all cell cultigentsawere obtained
from Invitrogen a. Antibodies against PRKCSpl, Sp3, Sp4, c-myc, and HA-tag were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The pgh-idcstone H4
antibody was obtained from Active Motif (Carlsbad, CA), and théitgolyclonal antibody
for acetyl-lysine, mouse p300, and histone H3 antibodies were obtaim®d Milipore
(Billerica, MA). IR-Dye800 conjugated anti-rabbit secondaryibmaty was obtained from

Rockland Labs (Gilbertsville, PA).

Plasmids construction

The mouse PKE&E promoter reporter constructs used in this study have been
extensively described (see Chapter Il). To construct Spl-lucstimgsof three consensus
Sp1l binding sites from the SV40 promoter and its mutant plasmid nu8pdéemplementary
oligonucleotides (for Spl-luc: sense, 5’-ATATATCTCGAGCGCGTGGGCGE@AKSGGC
GGAGTTAGGGGCGGGAAAGCTTATATAT-3, antisense, 5’-ATATATAAGCTTCCC
GCCCCTAACTCCGCCCAGTTCCGCCCACGCGCTCGAGATATAT-3’; for $pl-luc:
sense, 5-ATATATCTCGAGCGCGTGTTTTGAACTGTTTTGAGTTAGGTTTEGAAAG
CTTATATAT-3', antisense, 5’-ATATATAAGCTTTCCAAAACCTAACTCAAAACAGT
TCAAAACACGCGCTCGAGATATAT-3) were synthesized, annealed, afahed into the
Xhol and Hindlll sites of pGL3-Basic.

The constructs for mammalian expression pN3-Sp1, pN3-Sp4, and pN3-Sp3 encoding
both long and short isoforms of Sp3 (Sapetschnig et al., 2004), as wedl ‘@npty” control
vectors pN3 were generously provided by Dr. G. Suske (Philipps-Uniéteidiarburg,

Germany). To generate the expression vectors for dominant negative $pl1 (amino acid
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603-785) and Sp3 (amino acid 540-781), pN3-DN-Spl and pN3-DN-Sp3, the appropriate
cDNA fragments were PCR-generated from pN3-Spl and pN3-Sp3 thethfollowing
primer pairs, respectively. For pN3-DN-Spl, forward, 5-ATATATCTEGACCATG
GCATGCACCTGCCCCTACT-3', reverse, 5-ATATATAAGCTTTCAATGEIATGGTG
ATGATGGAAGCCATTGCCACTGAT-3’; for pN3-DN-Sp3, forward, 5-ATATACTCG
AGACCATGGAGAATGCTGACAGTCCTG-3, reverse, 5'-ATATATAAGCTTTBATG
GTGATGGTGATGATGCTCCATTGTCTCATTTCC-3. The PCR products rerethen
subcloned into the pN3 vector. The p300 wild-type expression plasmig380Il-and its
histone acetyltransferase (HAT) deletion mutant, pCl-pBOST, were kindly provided by
Dr. Joan Boyes (Institute of Cancer Research, London, United Kingdmnyenerated as
described previously (Boyes et al., 1998), and the empty vector pChmea wgift from Dr.
Christian Seiser (University of Vienna, Austria). The expasplasmid pcDNA3-CBP was

a gift from Dr. Xiang-Jiao Yang (Yang et al., 1996). The esgian vectors for HDAC1
(pcDNA3-Myc-His-HDAC1), HDAC4 (pcDNA3-Myc-His-HDAC4), anché empty vector
pcDNA3-Myc-His were generously provided by Dr. Tony Kouzarifdska et al., 1999).
Dr. Saadi Khochbin kindly provided the expression vectors for HDACS5
(pcDNA3-HA-HDACS5) and HDAC7 (pcDNA3-HA-HDACY7) (Lemerciett @l., 2002). The
Gal4 fusion constructs pM-Spl and pM-Sp3, as well as the Gal4-deperegpemter
construct pG5-luc containing five Gal4 DNA binding sites, weresgiftom Dr.
Toshiyuki Sakai (Sowa et al., 1999), and the empty vector pM was kindly pdolyd®r.
Bruce Paterson (National Cancer Institute). To construct tié BEA-binding domain
fused Spl or Sp3 truncated mutants, Gal4-SplN (83-785), Gal4-SplAB (83-494),

Gal4-Sp1ABS/T (83-351), Gald-SplA (83-251), Gal4-SplAS/T (83-145)4-SplAQ
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(146-251), Gal4-SplB (252-494), Gal4-SplBQ (352-494), Gal4-DN-Spl (603-785),
Gal4-Sp3N (1-612), Gal4-Sp3AB (1-499), Gal4-Sp3ABS/T (1-371), Gal4-S{3257),
Gal4-Sp3AQ (81-251), Gal4-Sp3 (1-80), Gal4-Sp3B (252-499), Gal4-Sp3B&AE®)2and
Gal4-DN-Sp3 (540-781), the appropriate cDNA fragments were RfRrgted from
pN3-Spl and pN3-Sp3 and cloned into the pM vector. All construction sequerces w

confirmed by DNA sequencing.

Animal experiments

Six- to eight-week-old C57B1/6 male mice were housed in a temperedntrolled
and 12:12 h light/dark room, and were allowed free access to food and MaBu was
dissolved in sterile saline and administered to C57B1/6 mice byjdétion at a dose of 1.2
g/kg for 6-24 h. An equal volume of saline was given to control @sinMice were then
sacrificed and the brain areas of interest were immediatedycarefully dissected out and
stored at -80°C. Animal care procedures strictly followed the Slkde for the Care and

Use of Laboratory Animals and were approved by the lowa State Univek€ityG.

Mouse striatal and nigral neurons in primary culture and treatment

Plates (6-well for striatal neurons and 12-well for nigral aes)y were coated
overnight with 0.1 mg/ml poly-D-lysine. Striatal or substantiaraligissue was dissected
from gestational 16- to 18-day-old mice embryos and kept in ick-€dl*-free Hank’s
balanced salt solution. Cells were then dissociated in Hank'shndemlasalt solution
containing trypsin-0.25% EDTA for 30 min at 37 °C. After enzyme iniobitvith 10%

heat-inactivated fetal bovine serum in Dulbecco’s modified Eaghedium, the cells were
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suspended in Neurobasal medium supplemented with 2% Neurobasal suppB2ignb00
uM L-glutamine, 100 IU/ml penicillin, and 10@y/ml streptomycin, plated at 2 x ®€ells in
2 ml/well and incubated in a humidified @@ncubator (5% C@and 37 °C). Half of the
culture medium was replaced every 2 days, and experiments @redacted using 6 and 7
days-old cultures. After exposure to various doses of HDAC inhsbi{blaBu, VPA,
Scriptaid, TSA, or apicidin) for 24-48 h, the primary cultures veetected for Western blot

or real-time RT-PCR analysis.

Cell lines, Transient transfections, and Reporter gene assays

Mouse neuroblastoma NIE115 and mouse dopaminergic MN9D cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal beanen (FBS), 2
mM L-glutamine, 50 units penicillin, and 50 units streptomycin (37 °C/5% CO2).

Transient transfections of NIE115 and MN9D cells were performsahg
Lipofectamine 2000 reagent according to the manufacturers’ instrucGetis were plated
at 0.3 x 106 cells/well in six-well plates one day before temtisin. Each transfection was
performed with 4ug of reporter constructs. Cells were harvested at 24 h posféction,
lysed in 200ul of Reporter Lysis Buffer (Promega), and assayed for luciéeeativity. For
cotransfection assays, various amounts of expression plasmid eateddin figure were
added to the reporter plasmids. The total amount of DNA was adjogtedding empty
vector. In HDAC inhibitors treatment experiments, indicated dosetda&{C inhibitors were
added 24 h after DNA transfection, and cells were collected agnaésd time points and

assayed for luciferase activity.
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Luciferase activity was measured on a Synergy 2 Multi-Moderdgiate Reader
(BioTek, Winooski, VT) using the Luciferase Assay system (PganeThe ratio of
luciferase activity to total amount of proteins was used asasume of normalized luciferase

activity.

Quantitative real-time RT-PCR

Total RNA was isolated from fresh cell pellets using theohliely RNA Miniprep
kit (Stratagene, La Jolla, CA). First strand cDNA was Isgsized using an AffinityScript
QPCR cDNA Synthesis kit (Stratagene). Real-time PCR paaformed in an Mx3000P
QPCR system (Stratagene) using the Brilliant SYBR Gre&CR) Master Mix Kit
(Stratagene), with cDNAs corresponding to 150 ng of total RNA, @205 2 x master mix,
0.375ul of reference dye, and 0V of each primer in a 25t final reaction volume. All
reactions were performed in triplicate. The sequences fordoPp@ners are: forward,
5-TCTGGGAGTGACATCCTAGACAACAACGGG-3, and reverse, 5-CAGAIATCTC
AGCTGCATAAAACGTAGCC-3'. B-actin was used as internal standard with the primer set
purchased from Qiagen (QuantiTect Primers, catalog number QT01136IM72)PCR
cycling conditions contained an initial denaturation at 95 °C for 10 milgwlet by 40
cycles of denaturation at 95 °C for 30 sec, annealing at 60 °C fee@0and extension at
72°C for 30 sec. Fluorescence was detected during the annealing segzhofcycle.
Dissociation curves were run to verify the singularity of the R@&luct. The data were

analyzed using the comparative threshold cycle (Ct) method (Livak and gsmR2001).

www.manaraa.com



137

Acid extraction of histone

Acid extraction of histones was performed as described previ@dislyet al., 2001),
with modifications. Briefly, fresh cell pellets were suspendeth ive volumes of lysis
buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCI2, 10 mM KCI, 1 x halt proteak#itor
cocktails) and hydrochloride acid at a final concentration of 0Oghtsubsequently lysed on
ice for 30 min. After centrifugation at 11,000 x g for 10 min at 4 °C htk®ne mixtures

were collected from the supernatant.

Immunoblotting

Cell lysates and brain homogenates were prepared as previesshdd (Zhang et
al., 2007c). Immunoblotting was performed as previously described (Kanthasaal.,
2006). Briefly, the samples containing equal amounts of protein wasgoinated through a
7.5% SDS-PAGE and transferred onto a nitrocellulose membraneR@giokaboratories,
Hercules, CA). Membranes were blotted with the appropriate apyinantibody and
developed with either IRDye 800 anti-rabbit or Alexa Fluor 680 antise secondary
antibodies. The immunoblot imaging was performed with an Odyssegrddfrimaging

system (Li-cor, Lincoln, NE).

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted with chromatin isolated from NIE&l$ using the
ChIP-IT Express Enzymatic kit from Active Motif according the manufacturer’'s
instructions with slight modifications. Briefly, after cross-lingj the nuclei were prepared

and subjected to enzymatic digestion to generate chromatindragmetween 200 to 1500
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bp. The sheared chromatin was collected by centrifugation, &f@diaaliquot was removed
to serve as a positive input sample. Aliquots of uFOsheared chromatin were
immunoprecipitated with g pan-acetyl Histone H4 antibody (Active Motif) and protein-G
magnetic beads. Equal aliquots of each chromatin sample weed $ar no-antibody
controls. The immunoprecipitated DNA was analyzed by PCR to Bngplregion (+2 to
+289) within the PKG promoter. Primers for amplification are: forward,
5-ATATATCTCGAGTCCTGGGCTCCATTGTGTGTG-3, and reverse, 5'-GTATAAG
CTTACCTCACCCAGGTGCCGG-3'. Conditions of linear amplificatiorene determined
empirically for these primers. PCR conditions are as follows: $4fitin; 94°C 30 sec, 59°C
30 sec, and 68°C 30 sec for 35 cycles. PCR products were resolvezttogptioresis in a

1.2% agarose gel and visualized after ethidium bromide staining.

DNA affinity precipitation assay (DAPA)

Nuclear and cytoplasmic proteins were prepared using the NE+RERar and
cytoplasmic extraction kit (Thermo Scientific, Waltham, MA). -botinylated
oligonucleotides corresponding to the sequence between +204 and +238 of Ghe PK
promoter were synthesized by Integrated DNA Technologies (@tealA) and annealed.
Twenty pmol of oligos was incubated with 10§ of Dynabeads M-280 (Dynal Biotech,
Oslo, Norway) in B&W buffer at room temperature for 10 min. Un-ggajed DNA was
washed off with a magnetic particle concentrator (Dynal BioteAfter block by 0.5% BSA
in TGED buffer (20 mM HEPES, pH 7.9, 1 mM EDTA, 10% glycerol, 0.01%omX-100)
at 4 °C for 2 h, the DNA-conjugated beads were incubated withu@58f nuclear extracts

from NIE115 cells treated with or without 1 mM NaBu for 4 h at 4A&ffer extensive wash
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with TGED buffer, the beads were eluted with B®f 2x SDS loading buffer. Complexing
proteins were resolved on a 7.5% SDS-PAGE gel and examined by immittingbivith

polyclonal anti-Sp3 and -Sp4 antibodies.

Statistical analysis

Unless otherwise stated, all data were determined from thndependent
experiments, each done in triplicate, and expressed as avelage ¥&SEM. All statistical
analyses were performed using the GraphPad Prism 4.0 softwaghfad Software, San
Diego, CA). One-way analysis of variance (ANOVA test) fokalvby the Tukey multiple
comparison tests was used for statistical comparisons, and mii#srevere considered

significant if P-values less than 0.05 were obtained.

Results

PKCd mRNA and protein levels are increased by exposure to HDAQhibitors in vivo
andin vitro

In the first set of experiments we assessed the effeetDdAC inhibition on the
production of PK@ protein in a variety of primary and cultured cells. As shown gn EA,
treatment with 1 mM NaBu significantly increased the lewvadisotal PKG protein in
primary mouse nigral (left panel) and striatal (right panel) oveifollowing 24-48 h drug
exposure. Induction of PKZevels by NaBu was accompanied by a time-dependent increase
in cleaved products of PKIC Because butyrate has several effects that may not be due to

inhibition of HDAC (Marks et al., 2003), we further examined whetbthrer HDAC
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inhibitors had similar effects on PKQprotein expression. For this, we exposed striatal
neurons to increasing concentrations of multiple HDAC inhibitors for 48nd, PKG
protein levels were determined by Western blot analysis. As \wabewnith NaBu, a
dose-dependent induction of both native and cleavedoRiGtein was observed in cells
treated with VPA, another short-chain fatty acid (Fig. 1B)igBaid, which is structurally
unrelated to NaBu, also increased total BKIEvels in the dose range tested (Fig. 1C),
whereas induction of PKEproteolytic cleavage was only observed at a lower dose (1.23
KM). In addition, PKG levels were also significantly up-regulated after treatno¢ striatal
neurons with a lower dose (100 nM) of TSA or apicidin, two other straity unrelated
HDAC inhibitors; however, detectable proteolytic activation of BKW@as not observed
following any of the doses (Fig. 1D-E). Analysis of mouse neurtibtees NIE115 cells
demonstrated that PKCprotein levels were also elevated up to ~2-fold at 48 h NaBu (1
mM) treatment compared with the untreated cells (Fig. 1F).

We then asked whether the effect of HDAC inhibitors on ®Ktein expression
was exerted at the transcriptional level. Dose-response andcdimnge studies were
performed and PKEMRNA levels were analyzed using a real-time RT-PCRaggbr. As
shown in Fig. 2A, exposure of primary nigral (left panel) andtatr{aight panel) cultures to
1 mM of NaBu for 24 or 48 h potently increased BKGRNA expression. The magnitude of
the inductions varied from 4- to 6-fold relative to untreated cellghErmore, when nigral
and striatal cells were administered increasing concentratiddaii (0.2-5 mM) for 24 h, a
dose-dependent induction of PE@RNA, with a maximal effect at 1 mM, was found (Fig.

2B). In addition, similar induction of endogenous RKGRNA by NaBu treatment was also
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observed in both NIE115 and mouse dopaminergic MNOD cells (Fig. 2C)makenal
increase of approximately 3-fold was induced by a 48 h sodium butyratedgrtatm

To further address whether the effect of HDAC inhibition on BPK&pression
observed above reflects the regulation of BK&pressionin vivo, C57B1/6 mice were
administered 1.2 g/kg body weight of NaBia intraperitoneal injection, and the levels of
PKGCs in brain at various time points (6-24 h) after injection wererdeted by Western
blot analysis. As shown in Fig. 3A, in the mouse substantia nigra Wees a time-dependent
upregulation of PK& protein, with a maximal 3-fold increase achieved at 24 Ir dfteg
injection, whereas TH and actin levels remained unchanged under toeslitions.
Furthermore, the striatal regions exhibited a similar trendiforeased PKE& protein
following NaBu exposure (Fig. 3B). Overall, these data clearljnaestrate a close
correlation between HDAC inhibition and PBR@ene expressiom vivo andin vitro, and
suggest that NIE115 and MN9D mouse neuronal cells are relevant systisins to analyze

the regulation of PK&expression by HDAC inhibition.

Butyrate induces hyperacetylation of histone H4 associated with the PKigpromoter
Because butyrate inhibits the activity of most HDAC isoforms,negt examined
whether the induction of PK&expression by NaBu was correlated with a specific change i
the histone acetylation of the PB@ene promoter. First, the effects of HDAC inhibition by
NaBu on global levels of histone acetylation were analyzed. Asrshro®ig. 4A, the global
levels of histone H3 and H4 acetylation in NIE115 cells wersifgsgntly increased after
treatment with NaBu, whereas total histone H3 levels werecimatged. Next, to further

examine whether the change in RK@xpression occurs directly through chromatin
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remodeling, we performed a ChIP assay using chromatin isdtat@dNIE115 cells and the
antibody specific for hyperacetylated histone H4. The reshitte shat exposure of NIE115
cells to 1 mM NaBu resulted in a dramatic enrichment obhesH4 acetylation at the PIRC
promoter. Taken together, these data indicate that chromatin rengodelat least partly

responsible for the transcriptional activation of the Bl§€ne after NaBu treatment.

HDAC inhibition activates PKC& promoter transcription: delineation of the sodium
butyrate responsive elements on PK&promoter

To further examine whether the induction of RKt@nscription by HDAC inhibition
was mediated directly by activating the PK@romoter, the effects of HDAC inhibitors on
PKCs promoter activity were determined in a luciferase repomasttuct-based transient
transfection assay. Our previously cloned mouse &®Komoter/luciferase reporter
construct pGL3-1694/+289, which contains 1694 bp of the 5’ flanking sequences and 289 bp
of non-coding exon 1 (access number GU182370), or pGL3-Basic empty veator w
transfected into NIE115 and MN9D cells. Transfected cells wexgbated with increasing
concentrations of NaBu (0.2 to 1 mM) for 24 h. As shown in Fig. 5A, theiaaddif NaBu
significantly increased the luciferase activity of pGL3-1694/+289a dose-dependent
manner up to an average ~5-fold in MN9D (left panel) and NIElilht(panel) cells,
whereas pGL3-Basic control was unchanged, indicating the stonulaffect of NaBu on
the PKG promoter is specific. Furthermore, VPA, TSA, scriptaid, or dpidreatments for
24 h in MN9D cells caused a more robust activation of #lK@moter activity than NaBu
(Fig. S1). Maximum activation for those HDAC inhibitors ranged frémto 14- fold

compared to the untreated cells (Fig. S1).
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The regulation of PK& promoter activity by HDAC inhibition was further confirmed
by cotransfection with the pGL3-1694/+289 promoter construct and expressctors for
multiple HDAC isoforms (HDAC 1, 4, 5, and 7) under either basalutyrhte-stimulated
conditions. As shown in Fig. 5B, compared to empty vector (EV) tretesfecells, ectopic
expression of all four HDAC proteins led to a significant inhioitof basal PK& promoter
activity in both NIE115 and MN9D cells, with HDAC4 and HDACS5 beihg tnost potent
repressors (~60% and 80% repression for HDAC4 and HDACS, respgrtiveithermore,
butyrate-induced activation of PKQoromoter activity was also significantly inhibited by
expressing various amounts HDAC1, HDAC4, or HDACS5 in MN9D cffig. 5C, left
panel), while butyrate stimulation of the P&@romoter after ectopic expression of HDAC7
was minimal. Similar inhibition of butyrate induction of P&Gpromoter activity by
overexpressing HDACs was also found in NIE115 cells (Fig. 5Ct pahel). Efficient
overexpression of these HDACs was verified by Western bloysisaldata not shown).
Taken together, these results indicate that NaBu up-regul®€s Bene transcription
through PKG@ promoter interactions, and suggest that multiple HDACs are invalved
regulation of basal PK&promoter transcription and in mediating the NaBu response.

To elucidate the mechanism underlying the activation of the sPgi©Gmoter by
NaBu, we first delineated the regions of the BK@omoter that respond to butyrate. A
series of truncated promoter constructs in -1694/+289 region avexlyzed by transient
transfection for their response to NaBu treatment in MN9D and NIE&l& As shown in
Fig. 6A-B, in MN9D cells, luciferase activities from the proerotreporter construct

pGL3-147/+289 as well as the pGL3+2/+289 plasmid were strongly stimulated up &m@.9-
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4.2-fold by NaBu, levels comparable to that obtained from the fidl-promoter
(pGL3-1694/+289). On the other hand, absence of the +2 to +289 sequences led to a
significant loss of butyrate responsiveness. Furthermore, simakults were found in
NIE115 cells (Fig. 6C). Thus, this preliminary mapping suggebi@t the major
NaBu-responsive elements are located within the +2/+289 regionh&kkfore focused our

follow-up efforts on this region.

Sodium butyrate stimulates PKG promoter activity through four GC-box elements

In a previous study, we extensively characterized the mouse pKthoter, and we
found that the region between +2 and +289 is GC rich, and containpl;@p binding
sites, including four consecutive GC boxes designated GC(1) to GGf#in w250 bp
downstream of the TSS, as well as a CACCC box located atqmosi®s bp downstream of
the TSS (Fig. 7A). Our results also revealed that those Spasitess cruciatis-elements
regulating the basal PKCtranscription in neuronal cells. To determine whether these Sp
sites are involved in the butyrate-induced activation of the PpiGmoter, we performed
site-directed mutagenesis of these sites in the context of 4®r/3209 and
pGL3+165/+289 constructs. The former possesses the proximal CAGC@lsereas in the
latter, only the four GC boxes are present (Fig.7A). Those ndutatd wild-type reporter
plasmids were used and assayed for luciferase activity folgpiNaBu treatment. As shown
in Fig. 7B, exposure to NaBu did not activate luciferase actiatythe wild-type
pGL3-147/+209, and even reduced its activity in MN9D cells, sugge#tiat the CACCC
site is not involved in the activation by butyrate. Indeed, mutatioth®fCACCC site

(mCACCC) did not diminish the NaBu responsiveness; rather ihtsfigncreased the
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responsiveness to NaBu compared to that of wild-type. On the other hiail
significantly activated the luciferase activity of wildsty pGL3+165/+289 up to 3.4- and
4.7-fold in MN9D and NIE115 cells, respectively (Fig. 7C-D). Thiasgéings also indicate a
minimal 81 bp NaBu-responsive promoter region from +209 to +289. Atiarafithe most
distal GC(4) or GC(3) site reduced the NaBu responsiveness byai&®4%, respectively,
compared with that of wild-type pGL3+165/+289 in MN9D cells (Fig).7l@ contrast,
mutation of either the proximal GC(2) box or GC(1) box caused majoremhents in
response to NaBu, resulting in about 35% and 33% elimination comparedttoftha
wild-type. Furthermore, triple mutants, mGC123, mGC124, mGC134, or mGQCil&4hjch
only site GC(4), GC(3), GC(2), or GC(1) is still active, respebt, all resulted in a
complete loss of NaBu-induced promoter activity in both cells (AR), suggesting that
cooperative interactions among the different GC sites are rdquoe mediate the
transactivation effect on the Pi&@romoter by NaBu. Taken together, these data suggest
that GC(1) and GC(2) sites, and less significantly, GC(3) and4)G§l{es, rather than
CACCC site, are the main NaBu-responsive elements, and that, troadtliese GC boxes
cooperate in an additive manner in mediating the NaBu response.

To confirm further that Sp sites indeed mediate the transmrgitiactivation by
NaBu, we generated a Sp1l reporter construct (Spl-luc), composed®@p&moter-derived
three consensus Spl binding elements inserted into the promotenddéesase reporter
vector (pGL3-Basic). The effects of NaBu on its transcripti@uivity were examined in
transient transfection studies performed in MN9D and NIE115 cedisshdwn in Fig. 7D,
the luciferase activities of Spl-luc were significantigvaited following NaBu exposure (up

to ~4.0- and 5.0-fold activation in MN9D and NIE115 cells, respectivelygreas mutations
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of all Spl consensus binding sites (mSpl-luc) completely abolishedNaBa-induced
transcriptional activation. Furthermore, ectopic expression of HDA&foims led to

dramatic inhibition of both basal and NaBu-induced promoter activity of Sp1-luc (Fig. S2).

Sp family proteins are required for mediating sodium butyrate induction of PKC3§
expression

We demonstrated previously that Sp families of transcriptiomfa¢Spl, Sp3, and
Sp4) can transactivate PKQranscription through specific interaction with the multiple
GC-box elements present in the non-coding exon 1 region obPk&noter, with Sp3 being
the most robust activator. These findings led to a hypothesis hbatNaBu-induced
transcriptional activation of PK&might be mediated by Sp transcriptional factors. To test
this possibility, we analyzed the functional impact of ectopicesgon of Sp proteins on the
NaBu-induced transcriptional activation in transient transfectiome PKG promoter
reporter construct pGL3-147/+289, as illustrated in Fig. 6-7, wasnsbteted into NIE115
cells along with 4ug of expression vectors for Sp family proteins (pN3-Spl, pN3-Sp3, and
pN3-Sp4) or a control empty vector (pN3) in the presence or absédcenM NaBu for 24
h. All of these Sp expression vectors have been shown to expsbss [@toteins in both
NIE115 and MN9D cells (see Chapter Il). In accordance with butyndigction of PKG
promoter activity, as shown in Fig. 5-6, exposure of the emptyraeinsfected cells to
NaBu displayed ~4.5-fold activation of the pGL3-147/+289 reporter, egsein the absence
of NaBu, overexpression of Sp3 alone led to ~2.5-fold activation (Y. IBiportantly, a

high level of synergistic transactivation of the promoter activfiyto ~11.5-fold was seen
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when cells overexpressing Sp3 protein were treated with NaBuimAars synergistic
transactivation effect was also found in Spl- and Sp4-transfeeitsl after 24 h of
incubation with NaBu (Fig. 8A). These findings clearly indicatd thetivation of PKG
promoter by NaBu is mediated by the Sp family of transcrigaotors. In addition, parallel
transfection studies with NIE115 cells with two different amowrfitexpression vector for
wild-type or dominant-negative mutant Sp1/Sp3 were performed taiecotife effects of Sp
proteins on NaBu transactivation (Fig. 8B). In these experimentispiecexpression of
wild-type Spl or Sp3 caused a dose-dependent increase in the NaBediedhancement of
the PKG promoter activity. In contrast, expression of a dominant-negative aonstr
pN3-DN-Sp1 or pN3-DN-Sp3, which both have an intact DNA binding domainalltthe
complete transactivation domains of Sp1/3, had no effect on the Nadiatatkinduction of
PKCs promoter activity. Interestingly, even the highest dose of thmgant constructs did
not affect the basal PK&promoter activity.

To corroborate the observed effect of ectopic expression of Sjy fproteins on
NaBu transactivation of the PK(promoter, different types of known Sp specific inhibitors
were employed to test whether they can block the induction oféRit@moter activity by
NaBu. As shown in Fig. 8C, NaBu-induced transactivation of the Pg@moter was
significantly compromised by pretreatment with mithramycira@ aureolic antibiotic that is
known to bind to the GC-rich motif and selectively inhibit Sp transonpfactor binding
(Ray et al., 1989; Blume et al., 1991), in a dose-dependent manner. Furthdotienamic
acid, which has been shown to induce Sp protein degradation (Konduri 20@9), also

inhibited the NaBu transactivation in a dose-dependent manner (Fig. S3).

www.manaraa.com



148

Sodium butyrate enhances the transactivational activity of Sp proteins

To further investigate the mechanisms underlying the stimulati®tK@b promoter
activity by NaBu, we first determined whether NaBu affettts protein levels of Sp
effectors. Previously, we showed that Sp3 and Sp4 are endogenouslgserprat
appreciable levels in both MN9D and NIE115 cells, but the expressiomdofyenous Spl
was not detected in these cells; therefore, in the present shedgffect of NaBu on the
expression of Sp3 was examined. As shown in Fig. 9A, the protein lefiv8ig3 were not
changed following NaBu treatment. We next examined the posgitfiét NaBu might
stimulate PKG transcription by elevating the binding of Sp proteins to the PgiGmoter.
DNA affinity protein binding assays (DAPA), using a biotin-laleleligonucleotide
spanning the GC (1) and GC (2) elements between positions +204 and +288 RIR®
promoter and nuclear extracts from NIE115 cells, were performeda3suxiation of Sp3
with this oligonucleotide was unaltered after incubation with NéBg. 9B). These findings
indicate that stimulation by NaBu resulted from a mechanisnr otlz@ alteration of Sp
protein levels or DNA binding. We then evaluated whether NaBu couldtlgitacrease the
transactivating potential of Sp proteins. To test this possibigy,utilized a one-hybrid
system, in which Spl or Sp3 is fused to the DNA-binding domain of the¢ freascription
factor Gal4, and the effects of NaBu on the activity of thésmeric proteins were assayed
in MN9D and NIE115 cells using a reporter plasmid pG5-luc comgifive Gal4 DNA
binding sites. As shown in Fig. 9C, NaBu had a negligible effeceither the pG5-luc
reporter alone or pG5-luc cotransfected with the empty control v&agt. In contrast, a
huge stimulation of transactivation of Gal4-Spl or Gal4-Sp3 upon Naddntent was

observed (12- and 18-fold in MN9D cells; 32- and 31-fold in NIE115 cell&&4-Sp3 and
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Gal4-Spl, respectively). However, the transactivation by NaBuakaost abolished when
the chimeric proteins Gal4-Sp1DBD or Gal4-Sp3DBD lacking the ti@psactivation
domains was used, suggesting the specificity of NaBu on Spl/3 traataogl ability. It
should be noted that under the basal condition, however, Gal4-Spl is a sacingor
than Gal4-Sp3. In addition, overexpression of HDAC4 or HDACS resultedsigréficant
reduction in butyrate-induced transactivation of Gal4-Spl or Gal48p&eas minimal
effects on the butyrate induction of Sp1/3 transactivational activity were foundkbaC1
or HDAC7 was overexpressed (Fig. 9D). Overall, these dateatadthat NaBu specifically
increases the transactivational capacity of Spl1/3 proteins, ahdHB¥&C4 and HDACS5

might be involved in the regulation of Sp transcriptional activity by NaBu.

Characterization of domains of Spl and Sp3 for the mediation afesponsiveness to
sodium butyrate

Sp transcription factors (Spl, Sp3 and Sp4) contain several consengtyegiich
constitute two transactivation domains (A and B boxes) close to-teertihus with regions
rich in serine/threonine and glutamine residues, an extremenihht@r transactivation
domain (D box), an N-terminal DNA binding domain (zinc finger), and aaioraf highly
charged amino acids (C box) located directly N-terminal to itheefinger. Additionally, Sp1
and Sp3 each possess an inhibitory domain (ID) located in the exitdareninus of Spl
and near the C-terminus of Sp3, respectively. To identify the regioBe1/3 required for
NaBu responsiveness, a series of truncated Gal4-Spl or Gal4-Sp8sexpiconstructs were
generated and are depicted schematically in Fig. 10A and C.a6inal the above

experiments, the ability of these chimeric proteins to transdetipG5-luc activity in both
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the presence and absence of NaBu was assayed in NIE115 cellsows in Fig. 10, the
chimeras that retained the entire N-terminal part (A+B©Res) or A+B boxes of Spl or
Sp3 displayed comparative capacities to activate transcriptioresipomse to NaBu in
comparison with Gal4-Spl or Gal4-Sp3 full-length fusions. Interdgtitige Gal4-Sp3A+B
chimera lacking the inhibitory domain located adjacent to zinc fingeen confers a higher
NaBu responsiveness to the G5-luc reporter construct than thaneubtéollowing
overexpression of Gal4-Sp3 full-length protein, suggesting that thatoryi domain of Sp3
may have a negative regulatory action in mediating NaBu inductioineoPKG promoter
activity. Further analysis of the N-terminal region revealealt tsequences within three

BS" and B, which corresponds to amino acids Spl (146-494) and Sp3

subdomains, &
(81-499), are essential to the transactivation by NaBu, as rerobwaaly one of the three
subdomains showed a significant decrease in their capacity tatedde butyrate-induced
transactivation. However, any of these subdomains alone were unabledér the G5-luc

reporter construct NaBu responsiveness. Interestingly, tHesdbdomain of Spl (83-145)

appeared to have no effect on the ability of NaBu to enhance the transcriptiog.activit

Ectopic expression of p300/CBP stimulates sodium butyrate-meded transactivation
of Spl and Sp3

Our previous studies revealed that both p300 and CBP function as coastigat®p
transcription factors in transactivation of the RK@omotervia the Sp binding sites under
basal conditions (see Chapter Il). To investigate whether p300 ora@BRvolved in the
NaBu induction of PK@ promoter activity, we performed co-transfection assays with

expression vectors for p300 or CBP. As shown in Fig. 11A-B, the cessipn of CBP or
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p300 significantly enhanced the NaBu-induced transactivation of Gal4usp Gal4-Sp3 in
a dose-dependent manner. Interestingly, we found that expressiqrB00 anutant lacking
HAT activity did not affect the NaBu-stimulated transcriptioaativity of Gal4-Spl and
Gal4-Sp3. These findings indicate a functional role for p300/CBP inSihelependent

transcription by NaBu.

Discussion

In this study we present evidence for a new model of moused Ri&@scriptional
regulation by an epigenetic control mechanism involving HDAC inibibiin vitro andin
vivo. We were particularly interested in these findings becauses R& a protein kinase
critically involved in apoptotic signaling in various cell types.ded, considerable evidence
supports the notion that activation of P&K®ia caspase-dependent proteolysis plays an
essential role in oxidative stress-induced dopaminergic ceth dedD (Anantharam et al.,
2002; Kaul et al., 2003). Lines of evidence have also demonstrated tiR @aespecific
inhibitor exhibits a neuroprotective effect in the MPTP mouse madheng et al., 2007a).
Given the prominent role of PKCin regulating multiple biological events, its expression
must therefore be tightly regulated. Although a number of studies dagumented the
changes in PKE levels in response to multiple stimuli, the regulation of BKgene
expression at the transcriptional level is poorly understood. THes Rifomoter lacks a
TATA or TATA-like box and contains GC-rich sequences in the proxpnamoter region
(Kurkinen et al., 2000; Suh et al., 2003). Furthermore, we have extendinaebcterized the

PKCs promoter (see Chapter Il), and we showed that a proximal 400 bp igefnagment
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(-147/+289) surrounding the transcription start site functions as a BESal promoter to
sustain the basal expression of RKi@ neurons. Further, we identified multiple functional
TF binding sites contributing to basal P&KE&xpression, including one for NB, and five for
Sp family transcription factors. Here we designed experintentdgtermine whether HDAC
inhibition has a regulatory role in PK@xpression in neurons.

We initiated our study by evaluating the possible alterationBKG levels after
NaBu exposure in cells maintainéa vitro and in primary striatal or nigral neurons. The
results showed that PKCorotein levels are dramatically increased in NaBu-exposésl cel
Importantly, this induction of PK&also occurs in a mouse model following acute NaBu
treatment. These novel findings expand the previous observations detiogdtrat PKG
is required for HDAC inhibitors-mediated gene activation (Kimakt 2003; Kim et al.,
2007). We also demonstrated that the up-regulation of PRKtein levels by NaBu
correlates with an increase in PEK@NRNA levels. Other structurally unrelated HDAC
inhibitors, including apicidin, scriptaid, and TSA, also robustly induce PKORNA,
suggesting that the ability of NaBu to induce RK&Xpression appears not to be due to the
structural property of NaBu.

We next investigated the molecular mechanism underlying the INedgliated PKG
gene activation. Analysis of global histone acetylation levels suggestéaBatsignificantly
increased the cellular histone acetylation levels. Importantlin@ease in PK& promoter
histone acetylation was observed after NaBu treatment. Thus, tb&dés suggest that
HDAC inhibitors mediate chromatin remolding by enhancing histoneylateh, which
plays a role in the NaBu induction of PBCTo clarify whether the upregulation of PRC

MRNA is accompanied by activation of the RK@omoter, we analyzed the PBE@romoter
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activity using a promoter region (-1494/+289) that we recentiyed (see Chapter Il). Our
results indicate that NaBu and other HDAC inhibitors signifigamtrease the luciferase
activity of this reporter. Additional luciferase reporter assaging serial deletion PKC
reporter constructs revealed that the major NaBu response edemasitte in the 289 bp
non-coding exon 1 region. The proximal region of the Plig@moter that confers the NaBu
responsiveness is GC rich and contains multiple Sp binding sitesdimgclane proximal
CACCC box and four distal consecutive GC boxes. Previously, we shboatthé¢ CACCC
box and the GC boxes act differentially in mediating the promad#avation by ectopic
expression of Sp transcription factors (see Chapter Il). Hergpasformed experiments to
determine the possible involvement of these Sp sites in the NaBuiomdudnexpectedly, a
smaller construct, namely pGL3-147/+209, which possesses the upstrga@CChox but
lacks the downstream GC boxes, was not activated by NaBu ématmoreover, NaBu
even caused a strong reduction in promoter activity in this promoter codi#xtt¢-+209) in
MNOD cells, suggesting that the CACCC box is not required for NaBu tiotudndeed,
mutation of the CACCC box had no effect on NaBu-mediated activati®KCo promoter.
On the other hand, using another small construct, pGL3+165/+289, we fourall tG&1
boxes are required for full response to NaBu. Moreover, cooperatioasaof different GC
boxes are also required for mediating the NaBu response, sipleentiiitation of any three
GC boxes completely diminished the NaBu responsiveness. Analysig asluciferase
reporter (Spl-luc) containing three Spl consensus sequences fupheates the cluster of
four GC boxes in NaBu-induced transcriptional control of the mouse PiK&noter.

The Sp family of transcription factors, Spl, Sp3, and Sp4, are altistllg similar

and bind to GC and GT/CACCC boxes found in a variety of promoterrdraheers through
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three characteristic zinc fingers located at the C termifiube proteins. Spl and Sp3 are
ubiquitously expressed, whereas the expression of Sp4 is limited ito (Buske, 1999;
Suske et al., 2005). Recent studies have implicated GC-rich Sp1 hbtdsmgqghe regulation
of a number of HDAC inhibitor regulated genes, including IN4K gefakota et al., 2004),
WAF1/Cip gene (Sowa et al., 1999; Han et al., 2001), HMG-CoA synthasg@anmarero
et al., 2003), and HSP70 gene (Marinova et al., 2009). Dissection of tieumsmn of NaBu
induction of the PK@ gene revealed a dependence on the Sp proteins. First, the induction of
PKCS promoter activity by NaBu was dramatically enhanced by apeession of Spl, Sp3,
or Sp4 protein. Exogenous Sp3 had the most potent effect, whereas SBpdandused
weaker activation, which is consistent with our observation that SpiBeisstrongest
transactivator of the basal activity of the PK@romoter (see Chapter II). Next, we cloned a
dominant-negative isoform of the Spl or Sp3 protein, which has an D&t binding
domain but lacks the full transactivation domains. We showed thexttipic expression did
not cause further increase in the NaBu-mediated induction of thé pto@oter construct; it
had only negligible effects on the basal level of Bomoter activity. Finally, we used
pharmacological inhibitors to block the Sp signaling pathways andseskéhe effects on
NaBu-stimulated PK& promoter activity. Fig. 8C shows that mithramycin A, an inhikator
Sp-mediated transcriptional activation (Ray et al., 1989; Blunad,€1991), directly blocks
the induction of PK@ promoter activity by NaBu. In addition, another Sp inhibitor,
tolfenamic acid, which is known to induce degradation of Sp proteinsdi€oet al., 2009),
also significantly diminishes the NaBu responsiveness. We theredoiduded that NaBu

activates PK@ transcriptiorvia Sp3, Spl and Sp4.

www.manaraa.com



155

Although neither Sp3 level or direct association of Sp3 with thedRAGmoter was
affected by NaBu, NaBu treatment significantly stimulatpd-Snd Sp3-medated luciferase
activity of the Gal4-luc reporter construct in one-hybrid assays. Sp$@®hdontain multiple
domains, including a zinc finger DNA binding domain and a biparatesactivation domain
composed of glutamine rich- and serine/threonine rich- regionsg\asserial Gal4-Spl or
Gal4-Sp3 fusion chimeric, we were able to show that the increémsesictivational potency
of Spl and Sp3 by NaBu is specific to the transactivation domainplofisl Sp3. Three
subdomains, & B, and B (amino acids from 146 to 494 in Sp1; amino acids from 81 to
499 for Sp3), are all required for NaBu-induced transcription floenRKG promoter. It
remains unclear how transcriptional capacities of Spl and Sp@paregulated by NaBu.
Regulation of Sp1 and Sp3 activity is achieved by protein-protein interactions. Rexbes
have revealed that both Spl and Sp3 functionally interact with HDAGIL HDAC?2
(Doetzlhofer et al., 1999; Sun et al., 2002; Won et al., 2002). HDACs acrssriptional
repressors and repress gene expression by forming complexesewédral co-repressors,
including mSin3A, SMRT, and N-CoR (Yang and Seto, 2007). In our experimental
conditions, overexpression of HDAC4 and HDACS5 dramatically reduced thABuN
enhancement of transcriptional activity of Gal4-Spl and Gal4-Sp3eatédHDAC1 and
HDACY7 displayed much less inhibition. In parallel, multiple HDAE®OAC1, -4, -5, and
-7) overexpression represses RK<pecific promoter activity. These data suggest that
deacetylases are involved in the transcriptional activation of Spl/BldBu, possibly
through a protein-protein interaction or protein displacement in thedR¥Gmoter. At
present, we do not know which deacetylase isoform contributes to Bierisgulation of the

PKCS promoter. In addition to HDACs, Spl and Sp3 also bind directly tactveator p300

www.manaraa.com



156

and its homolog CBP (Suzuki et al., 2000; Walker et al., 2001). Resnuts dur studies
indicate that ectopic expression of p300/CBP stimulated Gal4-Spl @ddSE3 dependent
transcription in the presence of NaBu. Interestingly, the p300 stiowlas independent
upon the HAT activity. These data suggest that the cooperative,blgogdiysical,
interactions between Sp proteins and p300/CBP may represent a sgcoratdanism
responsible for the NaBu-stimulated transactivating activitysp1/3. The recruitment of
p300/CBP into the transcription complex is also supported by our previsgsvation that
transcription from PK@& promoter is significantly activated by overexpression of p300/CBP
(see Chapter Il). Taken together, it seems likely th&UN&lters the transcriptional activities
of Spl and Sp3 by inhibiting HDACs activity, disrupting the repressaiplex containing
HDACs, and allowing the recruitment of co-activators p300/CBP to thmesdription
complex bound to the GC-boxes on the Btomoter.

In addition to protein-protein interactions, regulation of the aawidf Sp proteins
also includes post-translational modifications. For example, the posiation modification
to Spl/Sp3 by acetylation stimulates their activity (Ammaagwachi et al., 2003; Hung et al.,
2006), whereas sumoylation of Sp1/Sp3 causes their inactivation (SpandleBrattain,
2006). Moreover, phosphorylation of Spl also mediates the activation of Spddape
transcription (Fojas de Borja et al., 2001). Although our preliminarylteesuggest that
NaBu does not cause gross change in the amount of acetylatipt/8f &hich is supported
by our observation that transcriptional activation by NaBu is HAIEpendent, it remains to
be examined whether HDAC inhibition modulates specific intracelkilgnaling pathways
to affect the amount of phosphorylation or other modification of Sp omt8mcting

proteins.
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In summary, we demonstrate here for the first time that moodaladf the
HAT/HDAC balance by inhibiting HDAC activity induces pro-apoptd®KCs transcription
in neurons. Moreover, induction of PRGs triggered by acetylation of histone proteins
associated with the PKCpromoter and subsequent enhancement of the transcriptional
capacities of Sp transcription factors. We propose that such indottoyo-apoptotic PK&

by HDAC inhibitors may represent a novel molecular basis fonghweodegenerative action

of HDAC inhibitors.
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Figure 1: Exposure to HDAC inhibitors increases PK®@ protein expression in primary
neurons and in cell lines

A, Primary mouse nigraldft) and striatal fight) neurons were exposed to 1 mM sodium
butyrate (NaBu) for 24 or 48 h, after which whole protein lysatese prepared and
subjected to Western blot analysis of RK@nd actin expression. A representative
immunoblot is shownB-E, Primary mouse striatal neurons were exposed to the designated
concentrations of HDAC inhibitors VPABJ, Scriptaid C), TSA (), or apicidin E) for 48

h, after which protein lysates were prepared and analyzefoé Bnd actin expression by
immunoblot. Representative immunoblots are shdwreft: Mouse neuroblastoma NIE115
cells were treated with 1 mM NaBu for 24 or 48 h, lysed, and aralyggemmunoblot for
levels of PKG and actin. Right: Densitometric analysis. RKands were quantified and
normalized to that of3-actin. Values are shown as mean = SEM of two independent

experiments ($<0.05; between the control and NaBu-treated samples).
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Figure 2: HDAC inhibition increases PKC6 mRNA expression

A-B, Primary mouse nigraldft) and striatalight) neurons were exposed to 1 mM NaBu for
24 or 48 h Q) or to different concentrations of NaBu for 48 B).(Real-time RT-PCR
analysis of the PK&E mMRNA level was performed-actin mRNA level served as internal
control.C, NIE115 (eft) and MN9D ¢(ight) cells were exposed to 1 mM NaBu for 24 or 48
h, and PKG mRNA expression was evaluated by real-time RT-PCR anafyarstin mRNA
level served as internal control. All values are expressedpascantage of the activity of
control and represent the mean = SEM of three independent experipeefdemed in
triplicate (*, p<0.05; **, p<0.01; ***, p<0.001; compared with the control and NaBu-treated

samples).
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Figure 3: Effects ofin vivo sodium butyrate injection on PKC3 protein level

A-B, C57 black mice were administered 1.2 g/kg NaBu or an equivalent volusadéine via
intraperitoneal injection for 6-24 h. Substantia nigMl dnd striatumB) tissues from each
mouse were harvested and prepared and analyzed fod, PK{; and actin expression by
immunoblot. Top: Representative immunoblots are shown. Bottom: QuantitatinTdhe
results are normalized f®&-actin and expressed as a percentage of the untreatedAthice.

data are represented as mean = SEM from six mice per group.
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Figure 4: Sodium butyrate increases levels of total histone etylation and histone
acetylation of PKC8 promoter-associated chromatin

A, NIE115 cells were exposed to 1 mM NaBu for 24 h. Total histones prepared for
blotting with specific anti-acetyl-lysine and anti-H3 antibodiesepresentative immunoblot
is shown.B, ChIP analysis of hyperacetylated histone H4 on ®lK@moter. NIE115 cells
were treated with 1 mM NaBu for 24 h, after which chromatin prapared and sheared by
enzymatic digestion. The sheared DNA was then immunoprecipitatecantibody against
acetylated histone H4 or without antibody (No Ab). After revermsflcross-linking,
immunoprecipitated DNA fragments were analyzed by PCR amgtidin with primers
specific for the PKG promoter region that generates a 312-bp fragment. A repregergeak

electrophoresis is shown.
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Figure 5: Regulation of PKGS promoter activity by sodium butyrate treatment and
ectopic expression of HDACs

A, PKGS promoter activity is activated after treatment with NaBhe TPKGS promoter
reporter construct, pGL3-1694/+289 or empty vector pGL3-Basic, wasfeictat$ into
MN9D (left) and NIE115 (ight) cells. After 24 h transfection, the cells were incubated with
or without NaBu at concentrations ranging from 0.2 to 1 mM for 24 dlls Qvere then
harvested and luciferase activities were determined and northélyzetal cellular protein.
Values are expressed as a percentage of the activityL8-p&D4/+289-transfected control
and represent the mean + SEM of three independent experiments perfartriplicate (**,
p<0.01; *** p<0.001; between the control and NaBu-treated sam@edPKCS promoter
activity is repressed by ectopic expression of HDAC proteinBlIE115 plack bar) and
MNOD (blue bar) cells. Cells were cotransfected with pGL3-1694/+289 and 8 pg of HDAC1,
HDAC4, HDACS, or HDAC7 expression vector or the empty vector control (E\Qifénase
activity was measured after 24 h of transfection and normalizetthly cellular protein.
Values are expressed as a percentage of the luciferaggyaditained from cells transfected
with 8 pg of empty vectorBV) and represent the mean + SEM of three independent
experiments performed in triplicate (*1<0.01; ***, p<0.001; between the EV- and
HDACs-transfected samplesy, Effects of ectopic expression of HDAC proteins on
butyrate-induced PK& promoter activation. MN9(left) and NIE115 r(ight) cells were
cotransfected with pGL3-1694/+289 and increasing concentrations of HDABACA4,
HDACS, or HDAC7 expression vector (from 248) or the empty vector contrdtY). After

12 h transfection, the cells were incubated with or without NaBuM] fior 24 h. Cells were

then harvested and luciferase activities were determined andalimedh by total cellular
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protein. Values are expressed as a percentage of the lucifactieity obtained from
NaBu-treated cells transfected with 8 pug of empty vedi) @nd represent the mean +
SEM of three independent experiments performed in triplicateatéams in the amount of

total DNA were compensated with the corresponding empty vector.
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Figure 6: Mapping of sodium butyrate responsive elements on the PK&promoter

A, Schematic representation BKC3 promoter deletion/luciferase reporter constructs. A
series of PK@ promoter deletion derivatives was generated by PCR methods artédnser
into the pGL3-Basic luciferase vector. The 5" and 3’ positions ottmestructs with respect
to the transcription start site are depict®eC, Each construct as shownAwas transiently
transfected into MNO9DR) and NIE115 C) cells. After 24 h transfection, the cells were
incubated with Iflack bar) or without plue bar) 1 mM NaBu for 24 h, and then analyzed for
luciferase activities. Values are expressed as a pereentdg the activity of
pGL3-1694/+289-transfected control and represent the mean + SEM efiticiependent
experiments performed in triplicate. The number before the tayiebol “x” at the top of
each blue bar indicates fold activation following NaBu exposureeils transfected with

individual promoter construct.
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Figure 7: Sodium butyrate activates the PK@ promoter through the GC-box elements.
MNO9D and NIE115 cells were transfected with the wild-type orateut PKG promoter and
Spl site-driven promoter constructs for 24 h. Cells were then iremibéth or without
NaBu (1 mM) for 24 h, and the luciferase activities were nredsand normalized by total
cellular protein. The activity measured following transfectionthad wild-type construct
(pGL3-147/+209, pGL3+165/+289, or Spl-luc) was arbitrarily set to 100, &othal data
are expressed as a percentage thereof. The results replesemean +SEM of three
independent experiments performed in triplicate. The number befotiendgse symbol “x” at
the top of each blue bar indicates fold activation following NaBu exposurcells
transfected with the individual promoter construdt. Schematic representation of the
wild-type PKG promoter reporter constructs pGL3-147/+209 and pGL3+165/+289. The
potential Sp sites are depicted by eittiecle or square. B, MN9D (left) and NIE115 (ight)
cells were transfected with dg either wild-type (pGL3-147/+209) or mCACCC mutated
luciferase reporter construct€C, MN9OD cells were transfected with the wild-type
(pGL3+165/+289) or single mutated luciferase reporter construbts. Wild-type
(pGL3+165/+289) or triple mutated luciferase reporter constructsjn@disated, were
transfected into MNOD I¢ft) and NIE115 fight) cells. E, Spl consensus sites-driven
luciferase reporter plasmid (Spl-luc) or its mutant constnu@p(-luc) was individually

transfected into MNODI¢ft) and NIE115 ight) cells.
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Figure 8: Sp family transcriptional factors mediate responsiveness tmdium butyrate

A, Overexpression of Spl, Sp3, and Sp4 synergistically activated the iNd&ction of
PKCS promoter activity in NIE115 cells. NIE115 cells were cotransfibctwith
pGL3-147/+289 and 8g of pN3-Sp1, pN3-Sp3, pN3-Sp4, or empty vector (EV) pN3. After
24 h transfection, the cells were incubated with or without 1 mBEuNar 24 h. Luciferase
activities were then assayed and normalized by total celhutdein. The activity that was
obtained following transfection of empty vector without NaBu treatm&s set as 1, and all
other data are expressed as a fold induction thereof. The repuéisenet the mean +tSEM of
three independent experiments performed in triplicBte.Overexpression of dominant
negative mutant Spl or Sp3 protein (Left: pN3-DN-Sp1l; Right: pN39pR) lacking the
transactivation domains did not enhance the NaBu induction obRK&@noter activity in
NIE115 cells. NIE115 cells were cotransfected with pGL3-147/+289 amginga
concentrations (4 to 8g) of pN3-Spl, pN3-DN-Spl, pN3-Sp3 or pN3-DN-Sp3 for 24 h.
Cells were then exposed to 1 mM NaBu for 24 h, and luciferasetiastiviere determined
and normalized. The results represent the mean +SEM of threeeimtdeg experiments
performed in triplicate. Variations in the amount of total DNA aveompensated with the
corresponding empty vector pN&, Mithramycin A inhibited the NaBu responsiveness.
NIE115 cells were transfected with the PK@romoter reporter construct pGL3-147/+289
for 24 h. After pretreatment with different doses of mithramycifoAl h, the cells were
incubated with or without NaBu (1 mM) for 24 h. Cells were then h#gdesnd luciferase
activities were determined and normalized by total celjpdarein. Values are expressed as a

percentage of the activity obtained from control samples withoBuNand mithramycin A
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treatment and represent the mean + SEM of three independemimexe performed in

triplicate (***, p<0.001; between the samples without and with mithramycin A treatment).
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Figure 9: NaBu increases Sp1/3 transcriptional activity

A, Sp3 expression were unaffected by NaBu treatment. NIE115 aaésimcubated with or
without 1 mM NaBu for 24 h. Whole cell lysates were prepared andiimobiotted for Sp3
or B-actin (loading control). Both short Sp3 (sSp3) and long Sp3 (ISp3) isefamenshown.
B, NaBu treatment did not lead to increased Sp3 DNA binding. NIE11% welle treated
with or without 1 mM NaBu for 24 h, and cells were harvested and awueldracts were
prepared. Nuclear extracts were incubated with biotinylatedéHi¢omoter probe spanning
the GC(1) and GC(2) sites. The presence of Sp3 was detectethbypailotting analysis. A
representative immunoblot is showd,. Stimulation by NaBu of the Sp1/3 transactivational
potential. The reporter plasmid pG5-luc, which contains five Gal4 binding sitesaupsifel
minimal TATA box, and the effector plasmids for Gal4 (pM), G&pB (pM-Sp3),
Gal4-Sp3DBD (pM-Sp3DBD), Gal4-Spl (pM-Spl), and Gal4-Sp1DBD (pM-®i)Dwere
cotransfected into NIE11%eft) and MN9D (ight) cells and incubated with or without 1 mM
NaBu for 24 h. Luciferase activities were then determined and tiretiaby cellular
protein. Values are expressed as fold induction of the activityngatdollowing transfection
of the pG5-luc alone without NaBu treatment and represent the mesBEM of three
independent experiments performed in triplicate. The number befotiengge symbol “x” at
the top of each blue bar indicates fold activation of the actinithe presence of NaBu over
that observed in the absence of NaBu.Effects of overexpression of HDAC isoforms on
the NaBu-induced Gal4-Spleft) and Gal4-Sp3r{ght) transactivation. NIE115 cells were
cotransfected with reporter plasmid pG5-luc andu@ of Gal4-Spl or Gal4-Sp3 in
combination with 4ug of HDAC1, HDAC4, HDACS5, or HDAC7 expression plasmids or

empty vector control (pcDNA3.1). The cells were then treated avithithout NaBu (1 mM)
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for 24 h, and luciferase activities were determined. Valuesxgegsed as fold induction
over the activity obtained following transfection of the Gal4 withoaBWN treatment and
represent the mean £ SEM of three independent experiments peaffanntriplicate (***,

p<0.001; between the pCDNA3.1- and HDACs-transfected samples).
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Figure 10: Localization of the domains of Spl and Sp3 that are agtted in response to
NaBu stimulation

A and C, Schematic diagram of the expression constructs carrying @®al4¢s and
Gal4-Sp3 C) fusion proteins with each of the indicated portions of Spl or Sp3. Amsido a
positions demarcating each domain are indicated’, Aerine/threonine-rich subdomain
within A box; A®, glutamine-rich subdomain within A box;>B serine/threonine-rich
subdomain within B box; B glutamine-rich subdomain within B box; C, C box; Zn, zinc
finger domain; D; D boxB andD, The expression plasmids as showrAirand C, were
cotransfected into NIE115 cells with the pG5-luc reporter plas@a4 (pM) is the empty
vector control plasmid. At 24 h post-transfection, cells wereddeatth or without NaBu (1
mM) for 24 h. Luciferase activities were then determined and alared by cellular protein.
Values are expressed as fold induction by NaBu for each treedfsample and represent

the mean + SEM of three independent experiments performed in triplicate.
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Figure 11. Expression of CBP/p300 stimulates NaBu-induced transactivation 8p1 and
Sp3

A-B, NIE115 cells were cotransfected with Gal4-Spl or Gal4-Sp3 &sipreconstructs, the
luciferase reporter plasmid pG5-luc, and the indicated amounts of @R expression
vectors for p300, p300dHATA], or CBP B). The cells were then treated with or without
NaBu (1 mM) for 24 h, and luciferase activities were deterchivalues are expressed as
fold induction over the activity obtained following transfection of thé4dGeithout NaBu
treatment and represent the mean + SEM of three independemimexys performed in

triplicate.
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Figure S1: Other HDAC inhibitors stimulate PKC8 promoter activity in MN9D cells

A-D, The PK® promoter reporter construct pGL3-1694/+289 was transfected into MN9D
cells. After 24 h transfection, the cells were incubated with VRATSA B), apicidin C),

or scriptaid D) at the designated concentrations for 24 h. Cells were then teahesd
luciferase activities were determined and normalized by twklilar protein. Values are
expressed as a percentage of the activity of untreated comtkoépresent the mean + SEM

of three independent experiments performed in triplicate (%0.001; between the control

and treated samples).
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Figure S2: Ectopic expression of HDAC proteins inhibits tb promoter activity of Spl
reporter plasmid (Spl-luc)

A, Eight pg of HDAC1, HDAC4, HDACS5, or HDAC7 expression vector ordimpty vector
control (EV), as indicated, were cotransfected with the Spl epoonhstruct Spl-luc into
NIE115 plack bar) and MN9D blue bar) cells. Luciferase activity was measured after 24 h
of transfection. Values are expressed as a percentage atifeedse activity obtained from
cells transfected with 8 pg of empty vect&V] and represent the mean + SEM of three
independent experiments performed in triplicate g%0.05; **, p<0.01; *** p<0.001;
between the EV- and HDACs-transfected samplés). NaBu-induced transcriptional
activation of Spl-luc was repressed by ectopic expression HDARH115 cells. NIE115
cells were cotransfected with Spl-luc and 8 pg of HDAC1A88, HDACS5, or HDAC7
expression vector or the empty vector control (EV). After 12 h teatish, the cells were
incubated with or without NaBu (1 mM) for 24 h. Cells were then h#gdesnd luciferase
activities were determined. Values are expressed as a [@geenit the luciferase activity
obtained from NaBu-treated cells transfected with 8 ug gftgmwector EV) and represent
the mean + SEM of three independent experiments performed ilcatgpl*, p<0.05; **,

p<0.01; ***, p<0.001; between the EV- and HDACs-transfected samples).
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NIE115 cells were transfected with the PK@romoter reporter construct pGL3-147/+289
for 24 h. After pretreatment with different doses of tolfenancid #or 1 h, the cells were
incubated with or without NaBu (1 mM) for 24 h. Cells were then h#gdesnd luciferase
activities were determined and normalized by total celjpdarein. Values are expressed as a
percentage of the activity obtained from control samples withouuNad8 tolfenamic acid
treatment and represent the mean + SEM of three independemimeis performed in

triplicate (***, p<0.001; between the samples without and with tolfenamic acid treatment).
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CHAPTER IV: ALPHA-SYNUCLEIN NEGATIVELY REGULATES PKC o
EXPRESSION TO SUPPRESS APOPTOSIS IN DOPAMINERGIC NEURONS K

REDUCING P300 HAT ACTIVITY

A paper submitted to th#urnal of Neuroscience

Huajun Jin, Arthi Kanthasamy, Anamitra Ghosh, Yongjie Yang, Vellareddythagam,

and Anumantha Kanthasamy

Abstract

We recently demonstrated that PK@n important member of the novel PKC family,
is a key oxidative stress-sensitive kinase that can be actigtecaspase-3-dependent
proteolytic cleavage to induce dopaminergic neuronal cell deathndW report a novel
association betweernu-synuclein @syn), a protein associated with the pathogenesis
of Parkinson’s diseases (PD), and RK@ which asyn negatively modulates the p300 and
NF«B dependent transactivation to down-regulateapoptotic kinase PK&expression and
thereby protects against apoptosis in dopaminergic neuronal cebte-8xpression human
wild-type asyn at physiological levels in dopaminergic neuronal cells tesbuin an
isoform-dependent transcriptional suppression of ®k&pression without changes in the
stability of mMRNA and protein or DNA methylation. The reduction KCB transcription
was mediated, in part, through the suppression of constitutiw® [dEtivity targeted at two

proximal PKG promoterxB sites. This occurred independently of dBAxBa. nuclear
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translocation, but was associated with decreasedNiB5 acetylation. Alsogsyn reduced
p300 levels and its histone acetyl-transferase (HAT) activitgreby contributing to
diminished PK® transactivation. Importantly, reduced P&&nd p300 expression also were
observed within nigral dopaminergic neurons dsyn transgenic mice. These findings
expand the role ofusyn in neuroprotection by modulating the expression of the key

proapoptotic kinase PKZn dopaminergic neurons.

Introduction

Environmental neurotoxic insults and genetic defects in certainsgeaee been
implicated in the etiology of PD (Dauer and Przedborski, 2003; Hateheal., 2008).
Oxidative stress serves as a central mediator of degenepativesses in PD (Greenamyre
and Hastings, 2004; Burke, 2008; Zhou et al., 2008); however, the key cellingigna
mechanisms underlying oxidative damage to nigral dopaminergic nearensot entirely
clear. Our laboratory has been studying BK@diated cell death signaling in the oxidative
damage of dopaminergic neurons. RK& novel PKC isoform, has been recognized as a key
proapoptotic effector in various cell types (Brodie and Blumberg, 2003thKsamy et al.,
2003). The role of PKE& in nervous system function is beginning to emerge, and we
demonstrated that PKds an oxidative stress-sensitive kinase that is persistactiyated
by caspase-3-dependent proteolytic cleavage to mediate dopaminengbodegeneration in
cellular models of PD (Anantharam et al., 2002; Kanthasamy et al., R&0Bgt al., 2003).

We showed that cytochrome C release and caspase-9 and caspg#sat®ra serve as

upstream events of the PR@nediated cell pathway during mitochondrial impairment (e.g.,
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MPP+) in dopaminergic neuronal cells (Kaul et al., 2003). Importadépletion of PKG
by siRNA or blockage of PK& activation by overexpression of a P&KC
kinase-dominant-negative mutant or caspase-cleavage-resistant rputéetts against
multiple insults in cultured neurons (Kitazawa et al., 2003; Yangalet 2004;
Latchoumycandane et al., 2005). Furthermore, pharmacological inhibitlPH@F prevents
MPTP-induced degeneration of nigrostriatal dopaminergic neurons inlanmdals (Zhang
et al., 2007a). We also showed that BKiGhibits tyrosine hydroxylase (TH) activity and
dopamine synthesis in dopaminergic neurons (Zhang et al., 2007b). Despkaotiie
proapoptotic function of PK&in dopaminergic neurons, the role of this kinase in cellular
stress induced by proteins associated with familial-PD-linked genes is nat.know

aSyn is a presynaptic protein predominantly expressed in neurongyhiowd the
mammalian brain. The physiological functionsosfyn are poorly understood, but evidence
has suggested a role for it in synaptic plasticity, dopamine sysithe&ssd membrane
trafficking (Clayton and George, 1998; Perez et al., 2002; Outedd.mdquist, 2003). The
relevance otxsyn to PD pathogenesis is based on case studies of familiasB@inrg from
mutations or multiplications aisyn gene, as well as the observation that misfoldsa is a
major constituent of Lewy bodies in both familial and sporadic PDI&&pni et al., 1998;
Norris et al., 2004). Although alteredyn processing is thus considered a main determinant
of PD, a growing body of evidence suggests a protective role tivenasyn in
neurodegeneration (Manning-Bog et al., 2003; Sidhu et al., 2004; Charadl;a2605; Leng

and Chuang, 2006; Monti et al., 2007).
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While studying the PK&dependent cell death mechanisms, we unexpectedly found
striking neuroprotection in ansyn-expressing dopaminergic cell model during exposure to
the Parkinsonian neurotoxicant MPP+. This led us to further investibatenolecular
mechanisms underlying the neuroprotective function mediatedsyy in dopaminergic
neurons using cell culture and animal models. In the present studiemenstrate a novel
functional association between P&&ndasyn in whichasyn represses PK(xpression by
a mechanism involving modulation of both ®B- and p300 signaling pathways in a
dopaminergic neuronal cell model and in transgersgn mice. We also show that the
deregulation of proapoptotic PK@xpression protects dopaminergic neurons against MPP+
toxicity. These observations extend the physiological role ofvenatsyn in protecting

against neuronal injury.

Materials and Methods

Reagents

1-methyl-4-phenylpyridinium (MPP+), actinomycin D (ActD), miot A/G beads,
sodium butyrate, and moupeactin antibody were purchased from Sigma-Aldrich (St. Louis,
MO). SN-50 peptide, garcinol, and
N-(4-Chloro-3-trifluoromethyl-phenyl)-2-ethoxy-6-pentadecyl-bencte  (CTPB) were
obtained from Enzo Life Sciences (Plymouth Meeting, PA). Biotin-I&land the Cell
Death Detection ELISA Plus assay kit were purchased from Rdolecular Biochemicals
(Indianapolis, IN). Z-DEVD-FMK was obtained from Alexis Biochesal&(San Diego, CA).

Acetyl-DEVD-amino-4-methylcoumarin (Ac-DEVD-AMC) was ohtad from Bachem
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(King of Prussia, PA). The Bradford protein assay kit was psetharom Bio-Rad
Laboratories (Hercules, CA). The DNeasy blood & tissue kit wlatsined from Qiagen
(Valencia, CA). Hoechst 33342, Lipofectamine Plus reagent, Lipofeata2000 reagent,
hygromycin B, penicillin, streptomycin, fetal bovine serum, L-ghitee, RPMI 1640
medium, methionine-free RPMI 1640 medium, Neurobasal medium, B27 supplement, a
Dulbecco’s modified Eagle’s medium were purchased from Invitroggarigbad, CA).
Dynabeads M-280 was purchased from Dynal Biotech (Oslo, Norway]A¢8t/I-CoA,
poly (dI-dC), [35S]-methionine, HRP-linked anti-mouse and anti-rabbitorskzgy
antibodies, and the ECL chemiluminescence kit were obtained fromH&&thcare
(Piscataway, NJ). Antibodies to PRCPKCa, PKGBI, PKCL, p65, p50, #tBa, CBP, p300,
andasyn (#sc-12767, only detectingyn of human origin) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA); the rabbit polyclonal antibody tmtydlysine, mouse
p300, and histone H3 antibodies were obtained from Milipore (Billerica,). Mi&Syn
monoclonal antibody detecting both human and rat origins was purchased BD
Biosciences (Syn-1, San Diego, CA); the mouse TH antibody wamettitom Chemicon
(Temecula, CA); the goat polyclonal antibody for lactate dedgattase (LDH) and mouse
monoclonal antibody for Lamin B1 were purchased from Abcam (Cambribife.
IRDye800 conjugated anti-rabbit secondary antibody was obtained fiaoklaRd Labs
(Gilbertsville, PA). Alexa 680-conjugated anti-mouse, Alexa 488-cotggganti-mouse,
Alexa 568-conjugated anti-rabbit secondary antibodies and mouse V5 antiberdy
obtained from Invitrogen. Anti-goat secondary antibody and normal rabbit &y& abtained

from Santa Cruz Biotechnology.
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Plasmids

The plasmid encoding wild-type humasyn protein (pCEP4syn) was a kind gift
from Dr. Eliezer Masliah (University of California, San Die@#). A control pCEP4 empty
vector was purchased from Invitrogen. To prepare plLenti-V5{PK@ pLenti-V5esyn
lentiviral vectors, full-length mouse PKQgi: 6755081) and humaasyn (gi: 6806897)
cDNA were PCR-generated from pGFP-RK(kind gift of Dr. Mary E. Reyland) and
pCEP4easyn with the following primer pairs, respectively. For RXCforward,
5-CACCATGGCACCCTTCCTGCGC-3', reverse, 5-AATGTCCAGGAATTGCRAAC
-3’; for asyn, forward, 5-CACCATGGATGTATTCATGAAAGGAC-3, reverse, 5-GAC
TCAGGTTCGTAGTCTTG-3. The PCR products were then subclonedamdr into the
C-terminal V5-tagged expression vector plLenti6/V5-TOPO (Ingén) as described
(Kitazawa et al., 2005; Latchoumycandane et al., 2005). A control lehtoarastruct
pLenti-V5-LacZ, encoding-galactosidase fused to the V5 epitope, was also obtained from
Invitrogen. To generate pGL3-PKQoromoter construct, rat genomic DNA was isolated
using the DNeasy blood & tissue kit and used as template tofartp 1.7 kb DNA
fragment (-1700 to +22, +1 denotes the transcription start sitedtdPKG gene. PCR
conditions used were 94°C for 45 sec; 30 cycles of 94°C for 30 sec, 64.63C $ec, and
72°C for 2 min; and 72°C for 10 min. Following PCR, the amplified productclea®d into
the Xhol/Hindlll sites of pGL3-Basic vector (Promega, Madison).\KIl constructs were

verified by DNA sequencing.
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Primary mesencephalic cultures and treatment

All of the procedures involving animal handling were approved byrikgtdtional
Animal Care Use Committee (IACUC) at the lowa State Usityz Primary mesencephalic
neuronal cultures were prepared as described in our recent publi¢@lorsh et al., 2010;
Zhang et al., 2007c). Briefly, 24-well plates containing coverslg®woated overnight with
0.1 mg/ml poly-D-lysine. Mesencephalon tissue was dissected festatmpnal 14-day-old
mouse embryos and kept in ice-cold*Glree Hanks’s balanced salt solution. Cells were
then dissociated in Hank’s balanced salt solution containing trypsin-EZbPA for 30 min
at 37 °C. After the incubation, 10% heat-inactivated fetal bovine serurbulbecco’s
modified Eagle’s medium was added to inhibit trypsin digestion. CElls were triturated
and suspended in Neurobasal medium supplemented with 2% Neurobasal sup{Beirent
500 uM L-glutamine, 100 1U/ml penicillin, and 100g/ml streptomycin, plated at 1 x %0
cells in 0.5 ml/well and incubated in a humidified £J6@cubator (5% C@and 37 °C). Half
of the culture medium was replaced every 2 days, and experimengscanducted using
between 6 and 7 day cultures. After exposure to theBNRhibitor SN50 and the p300
inhibitor garcinol or the activator CTPB for 24 h, the primary cekuwere processed for

immunocytochemical analysis.

Cell culture and stable expression ofi-synuclein

Rat immortalized mesencephalic dopaminergic neuronal cell WRBIAN27,
referred to as N27 cells) was a kind gift of Dr. Kedar N.s&da(University of Colorado
Health Sciences Center, Denver, CO). Rat striatal GABAekR13-20 cell line was a

generous gift from Dr. William Freed (National Institute oru@rAbuse, National Institutes
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of Health, Baltimore, MD). Mouse dopaminergic MN9D cell line vaakind gift from Dr.

Syed Ali (National Center for Toxicological Research/FDAeffekson, AR). Rat
pheochromocytoma PC12 dopaminergic cell line and human dopaminergic neuroblastom
SH-SY5Y cell line were obtained from the American Type CultGalection (ATCC,
Rockville, MD). N27 and PC12 cells were cultured as described (Zhiaad, 2007c).
M213-20, MN9D, and SH-SY5Y cells were grown in Dulbecco’s modified &€aghedium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 units fhaniand 50

units streptomyecin.

To generate a stable cell line expressing the human wildetype, N27 cells were
stably transfected with pCER4Yn or pCEP4 empty vector by Lipofectamine Plus reagent
according to the procedure recommended by the manufacturer ambekg&aul et al.,
2005a). The stable transfectants were selected in 400 pg/migodnmycin and further

maintained in 200 pg/ml of hygromycin added to N27 growth media.

Animals

Transgenic mice (stock number 008389) that express human wildesymeunder
the control of the Thy-1 promoter (Andra et al., 1996) and non-cétt@mate control mice
were purchased from the Jackson Laboratory (Bar Harbor, Maine.liibi of transgenic
animals has been characterized previously (Chandra et al., 208%)rdsses high levels of
asyn throughout the brain, but unlike some mutant transgenic lines, indbesplay the
Parkinson’s like phenotype. Six- to eight-week-old male transgenianan-carrier control
mice were housed in standard conditions: constant temperature (22+1°@ityh@ralative,

30%), and a 12 h light/dark cycle with free access to food ater.wenimal care procedures
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strictly followed the NIH Guide for the Care and Use of LalmsatAnimals and were

approved by the lowa State University IACUC.

Immunoblotting and immunoprecipitation

Cell lysates were prepared as described previously (Zhaig 2007c). Nuclear and
cytoplasmic extracts were isolated using the NE-PER nualah cytoplasmic extraction kit
(Thermo Scientific, Waltham, MA). The protein concentrations weterchened with the
Bradford protein assay kit at 595 nm. Immunoblotting and densitamatralysis of
immunoblots were performed as described previously (Kanthasaahy 2006). Briefly, the
indicated protein lysates containing equal amounts of protein wergofrated through a
7.5%-15% SDS-polyacrylamide gel and transferred onto a nitrocellulose membi@ifa(B
Laboratories). Membranes were blotted with the appropriate priamityody and developed
with HRP-conjugated secondary antibody followed by ECL detectionydéR00 anti-rabbit
or Alexa 680-conjugated anti-mouse antibodies were also usedosmslagcantibodies. The
immunoblot imaging was performed with either a Kodak imageosta2000MM (Kodak
Molecular Imaging System, Rochester, NY) or an Odyssey edranaging system (Li-cor,
Lincoln, NE), and data were analyzed using one-dimensional imaggsianabftware
(Kodak Molecular Imaging System) or Odyssey software 2.0 ¢bi-dBlots were stripped
and re-probed with anfi-actin antibody as an internal control for loading.

For immunoprecipitation studies, briefly, cells were lysed in umoprecipitation
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, I%tion
X-100, 1 x halt protease inhibitor cocktails), and the resultantelysaere incubated on ice

for 15 min followed by centrifugation at 16,000 x g for 15 min. The swgtant fractions
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were then pre-cleared with protein A or protein G beads for B0ain4°C followed by
centrifugation at 16,000 x g at 4 °C for 10 min. Five microgram ofitteated antibody
along with 50ul of 50% of protein A or protein G beads was added to the cellelysatd
incubated overnight at 4 °C on a rotator. The immunoprecipitates coeeted, washed
extensively with cold PBS, and prepared for SDS/PAGE gel by addfi2 x SDS sample

buffer and then boiling for 10 min.

Transfections and infections

Transient transfections ofisyn-expressing and vector control N27 cells with
promoter reporter were performed using Lipofectamine 2000 reagewtordance with the
manufacture’s protocol. Cells were plated in 6-well plates at 43 cells/well one day
before transfection. Four microgram of pGL3-RKEbnstruct or pGL3-Basic empty vector
was transiently transfected, and Ougy of p-galactosidase vector (pcDNA3BHal,
Invitrogen) was added to each well to monitor transfection effes. Twenty-four h
post-transfection, the cells were lysed in 200f report lysis buffer (Promega). Luciferase
activity was measured on a luminometer (Reporter Microplateyefudesigns, Sunnyvale,
CA) using the Luciferase assay kit (Promega), Arghlactosidase activity was detected
using the B-galactosidase assay kit (Promega). The ratio of lucifeladevity to
[-galactosidase activity was used as a measure of normalized seifatavity.

Electroporation of small interfering RNAs (siRNAs) was conédcby using a
Nucleofector device and the Cell line nucleofector kit (all froomza, Walkersville, MD)

following the manufacturer’s instructions. Specifisyn siRNA (#16708) and scrambled

www.manaraa.com



204

negative control siRNA (#4611) were purchased from Ambion (Austin, TX). The
p300-specific SIRNA (#S102989693) was purchased from Qiagen. Th&-NE5-specific
SiRNA as described (Chen et al., 2006) was synthesized by let@dd®MA Technologies
(Coralville, 1A). The siRNA sequence farsyn is 5-GCAGGAAAGACAAAAGAGGtt-3’
and for NkB-p65 is 5’-GCAGUUCGAUGCUGAUGAAUU-3'. In each electroporation, 2 x
10° cells were resuspended in 1@0f the electroporation buffer supplied with the kit, along
with 1.3 ug of gene-specific SIRNA or scrambled negative siRNA. Thapsa was then
electroporated using the pre-set nucleofector program #A23 recommendeiheb
manufacture. After electroporation, the cells were immediatalysferred to pre-warmed
culture medium. The next day media were replaced to normal lyrovedia. Mock
transfection with electroporation buffer alone was also included &ansfection control.
After 72 h or 96 h from the initial transfection, the cell lgsatvere collected and analyzed
using Western blotting to confirm the extent afyn, NKB-p65, p300, and PK&L
expression. Where indicated, the cell nuclear extracts werarpteand used for EMSA
analysis.

Lentiviral constructs (pLenti-V5-PK& pLenti-V5-asyn, or control construct
pLenti-V5-LacZ) were packaged into virug transient transfection of the 293FT packaging
cell line (Invitrogen) using Lipofectamine 2000 reagent, as dest(iBeoper et al., 2006).
The lentivirus in the medium was collected by centrifuging ato726 h post-transfection.
All transductions were performed at a multiplicity of infectidmJ]) of 1 in the presence of
polybrene (6ug/ml). To assess the effect of transient humayn overexpression on PKC
expression, N27 cells were infected with lentiviral particlesoding V5esyn or V5-LacZ

for 48 h and collected for immunoblot analysis. To test the tsffet restoring PKE&
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expression on MPReurotoxicity, stableisyn-expressing and vector control N27 cells were
infected with PKG or control LacZ lentivirus for 24 h. The cells were then treated with fresh
media containing 300 uM MPRor 48 h prior to analysis. In experiments aimed at detecting
the expression of pLenti-V5-PKCand pLenti-V5-LacZ, the cells were incubated with

lentivirus for 48 h and collected for immunoblot analysis.

Caspases-3 activity and DNA fragmentation assays

Caspases-3 activity was measured as previously described €éKaall, 2005a).
Briefly, after treatment with 300 uM MPP+, cells lysatesse prepared and incubated with a
specific fluorescent substrate, Ac-DEVD-AMC (50 uM) at 37 6CIf h. Caspases-3 activity
was then measured using a SpectraMax Gemini XS MicroplatdeR¢€Molecular Devices,
Sunnyvale, CA) with excitation at 380 nm and emission at 460 nm. Thasea8 activity
was calculated as fluorescence units per milligram of protein.

DNA fragmentation assay was performed using a Cell Deattcben ELSA plus kit
as previously described (Anantharam et al., 2002). Briefly, aftatnrent with 300 uM
MPP+, cells were collected and lysed in 450 ul of lysis bufippked with the kit for 30
min at room temperature, and spun down at 2300 x g for 10 min to dbkestipernatant.
The supernatant was then used to measure DNA fragmentatiper dee manufacture’s
protocol. Measurements were made at 405 and 490 nm using a SpectraMax 190

spectrophotometer (Molecular Devices).

Immunostaining and microscopy

After perfusion with 4% paraformaldehyde, the mice brainsewsmoved,
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immersion fixed in 4% paraformaldehyde, and cryoprotected in fucfben the brain was
cut on a microtome into 2Q0m sections. Sections from substantia nigra were used for
dual-labeled immunofluorescence. After washing with PBS, then ls@dtions were rinsed
with blocking buffer containing 2% BSA, 0.05% Tween-20, and 0.5% Triton X-1®B&
for 45 min and then incubated overnight at 4°C with the following cortibmsaof primary
antibodies: anti-PKE& (1:250, Santa Cruz) and anti-TH (1:1800, Chemicon), or anti-p300
(1:350, Santa Cruz) and anti-TH (1:1800, Chemicon), followed by incubation with anti-rabbit
Alexa 568-conjugated (red, 1:1000) and anti-mouse Alexa 488-conjuasthdary
antibodies (green, 1:1000) for 1 h at room temperature. After thesghst 33342 (10g/ml)
was added for 3 min at room temperature to stain the nucleus. Tihesbrdions were
mounted and observed with either an oil-immersion 63x PL APO lehsawlit40 numerical
aperture or an oil-immersion 100x PL APO lens with a 1.40 numepealuae using a Leica
SP5 X confocal microscope system (all from Leica, Allendalg,ailonfocal Microscopy
and Image Analysis Facility at lowa State University. Foralf output, images were
processed using LAS-AFlite software (Leica). For computdastgssimage analysis, a 0.051
mn? area was delineated using this LAS-AFlite software and K&& colocalized
dopaminergic neurons were counted independently and blindly by two iatessigData
were expressed as either percent of TH-positive cells containPi§Co
immunoreactivity/total TH neurons or number of TH-positive cells c¢omg PKG
immunoreactivity/area (mfh

Immunostaining of PK& TH, andasyn was performed in primary mesencephalic
neuronsoasyn-expressing and vector control N27 cells. Cells grown on cqyemie-coated

with poly-L-lysine or poly-D-lysine werewashed with PBS and fixed in 4%
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paraformaldehyde for 30 min. After washing, the cells werempabilized with 0.2%riton
X-100 in PBS, washed with PBS, and blocked with blocking agent (5% bowvinen se
albumin, 5% goat serum in PBS). Cells were then incubated witmti®dy against human
asyn (1:500, Santa Cruz), TH (1:1800, Chemicon), and ®PKC1000, Santa Cruz)
overnight. Fluorescently conjugated secondary antibody (Alexa-488-corgjugatiemouse
antibody, green, 1:1500, or Alexa 568-conjugated anti-rabbit antibody red, 111&9Qjsed
to visualize the protein. Nucleiere counterstained with Hoechst 33342 for 3 min at a final
concentration of 10 pug/ml. Finally, images were viewed using aimaikersion 60 x Plan
Apo lens with a 1.45 numerical aperture on a Nikon inverted fluoresaarmescope
(model TE2000, Nikon, Tokyo, Japan). Images were captured with a $BIOT digital
camera (Diagnostic Instruments, Sterling Heights, MI) and psedessing Metamor@h07
image analysis software (Molecular Devices). For quantitatie@alysis of
immunofluorescence, we measured average pixel intensities fromgiloa of interest (ROI)

using the Metamorph 5.07 image analysis software.

Pulse-chase assays

Before pulse-labeling, cells were starved of methionine for 30. iBells were
subsequently pulse-labeled with methionine-free RPMI 1640 medium cogtdidsuCi/ml
[35S]-methionine for 2 h. Afterwards, cells were rinsed twicd wiarm PBS, and chased in
complete growth medium for various times up to 48 h. At differensectianes, the cells
were collected and subsequently subjected to immunoprecipitation RIKGg antibody as
described above. The immunoprecipitates were separated with TS6PSGE and

analyzed by autoradiography at 24-48 h using a Phospholmagesn@&evkolecular Imager
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FX, Bio-Rad Laboratories). Band quantifications were processed @aantity One 4.2.0

software (Bio-Rad Laboratories).

RT-PCR and methylation-specific PCR (MSP)

Total RNA was isolated and converted to cDNA using AbsolutelA Rihiprep kit
from Stratagene (La Jolla, CA) and High capacity cDNA archiite from Applied
Biosystems (Foster City, CA), respectively. For semiquantitativ€RBR, 1ul of the reverse
transcriptase reaction mixture served as a template in R(pRfiaation. PCR amplifications
were performed using the following program: 94 °C for 3 min; 35esyof 94 °C for 45 sec,
56 °C (PK®, n, andA) or 60 °C (PKG@, ¢, ¢, and GAPDH) for 30 sec, 72 °C for 45 sec.
PCR products were then separated by electrophoresis in 1-26saggl and visualized by
ethidium bromide staining.

Quantitative real-time RT-PCR was performed using Brill@vBR Green QPCR
Master Mix kit and the Mx3000P QPCR system (all from Strat@gerhe p300 primer set
was using a QuantiTect Primers assay (Qiagen, #QT01083859-ddtan was used as an
internal control for RNA quantity (sequence is listed in supplemdiatiale 1). The reaction
mixture included 1ul of cDNA (100 ng RNA used), 128 of 2 x master mix, 0.375l of
reference dye, and 0.g2M of each primer. Cycling conditions contained an initial
denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 30 sec, 60 °C for 30 sec,
and 72 °C for 30 sec. Fluorescence was detected during the anmeédingion step of each
cycle. Dissociation curves were run to verify the singulasitghe PCR product. The data
were analyzed using the comparative threshold cycle methodlyBtie¢ relative PKG

expression (expressed as fold differences) betwsgn-expressing and vector control N27
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cells was calculated as 2CtSYN - ACtVEC), whereACt represented the mean Ct value of
PKGCS or p300 after normalization f-actin internal control.

For MSP experiments, genomic DNA was isolated frmyn-expressing and vector
control N27 cells using the DNeasy blood & tissue kit as mentioaedere Bisulfite
modification was subsequently carried out on 500 ng of genomic DNAtheay
MethylDetector bisulfite modification kit (Active Motif, Cathad, CA) according to the
manufacturer’s instructions. Two pairs of primers were desigoedntplify specifically
methylated or unmethylated PBGequence using MethPrimer software (Li and Dahiya,
2002). The cycling condition was: 94 °C for 3 min, after which 35 cyafi€gl °C for 30 sec,
52.5 °C for 30 sec, 68 °C for 30 sec, and finally 72 °C for 5 min. PG&upts were loaded
onto 2% agarose gels for analysis. Negative control PCRs wdogmped using water only

as template.

Assessments of mMRNA stability

The PKG mRNA decay experiments were conducted as described (Jing 20GH)
with some modification. Briefly, cells were treated witindg/ml actinomycin D to block de
novo transcription, total RNA were isolated at selected time pthiatsafter, and the amount
of PKGS mRNA was determined by quantitative real-time RT-PCR. PHR&ES mRNA
values were normalized to the amount Bfctin internal control in each sample and
expressed as the percentage of mRNA levels present at t{get @ 100%) prior to the

addition of actinomycin D.
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Nuclear run-on assays

The nuclear run-on assays were performed with minor modificatmtise method
described by (Patrone et al.,, 2000). Nuclei were prepared from @06xcells by
resuspending in 4 ml of Nonidet P-40 lysis buffer (10 mM Tris-k€l,7.4, 3 mM MgCI2,
10 mM NacCl, 150 mM sucrose and 0.5 % Nonidet P-40), and a 5-min incubatio& in
followed. Nuclei were isolated by centrifugation, washed with lgsis buffer devoid of
Nonidet P-40, and the pellets were resuspended inpdQff freezing buffer (50 mM
Tris-HCI, pH 8.3, 40 % glycerol, 5 mM MgCI2 and 0.1 mM EDTA). One voluohe
transcription buffer (200 mM KCI, 20 mM Tris-HCI, pH 8.0, 5 mM MgCR, mM
dithiothreitol, 4 mM each of ATP, GTP and CTP, 200 mM sucrose and 2@8érgl) was
added to nuclei. Eightl of biotin-16-UTP was then supplied to the mixture. After incubation
for 30 min at 29 °C, the reaction was terminated and total RNA puafied using the
Absolutely RNA miniprep kit according to the manufacturer’s instons. RNA was eluted
in 60 ul of nuclease-free water and iDwas saved as total nuclear RNA. Dynabeads M-280
(50 ul) was subsequently used to capture the run-on RNA. Threerun-on RNA or 1Qug
total nuclear RNA was subjected to cDNA synthesis and quantitee@ietime PCR as
described above. To monitor undesired RNA capture by Dynbeads, conttibnsavere
also performed in which conditions were identical except that UBB added to the

transcription system in the place of biotin-16-UTP.

Electrophoretic mobility shift assays (EMSA)

Nuclear and cytoplasmic proteins were prepared using the NERERar and

cytoplasmic extraction kit as described before. The IRyeTM70éldd oligos PlaNFkBs
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and NkB, corresponding to the MB-like sequences within the rat PE@romoter and the
consensus sequence of ¥iFrespectively, were synthesized by Li-cor and used as labeled
probes. The unlabeled competitor oligos were obtained from Integr&tédTiechnologies.
All oligos sequences are illustrated in supplemental Table SeiRfDNA binding reactions
were performed with 5-1Qug of nuclear or cytoplasmic proteins, (d of labeled
oligonucleotide (50 fmol) in a total volume of A0of mixture containing 10 mM Tris-HCI
(pH 7.5), 50 mM NacCl, 0.25% Tween-20, 2.5 mM dithiothreitol (DTT), 0.05 mM EDT
and 1ug of poly (dI-dC). After incubation at room temperature for 2@,ntihe resulting
DNA-protein complexes were resolved on a 6.6% non-denaturing pybyacde gel at 10
V/cm for about 50 min at 4 °C in 1 x TGE buffer. Gels were asalyon the Odyssey
infrared imaging system (Li-cor). In competition experimesfore the addition of the
labeled probe, nuclear extracts were pre-incubated for 30 min at tesoperature with a
100-fold molar excess of unlabeled competitor oligos. In super shiftiegrégs, 400 ng of
anti-p50, anti-p65, or normal rabbit IgG was incubated with nucleaaastfor 30 min at

room temperature prior to the addition of labeled probe.

Histone acetyltransferase activity assays

p300 HAT activity was measured using a p300/CBP immunoprecipitatidndséay
kit from Millipore following the manufacture’s protocol with minor mbcations as
previously described (Nakatani et al., 2003). Briefly, one milligramuaiear extracts from
asyn-expressing and vector control N27 cells were precipitated Sviig of anti-p300
antibody or normal mouse IgG and @l0of magnetic protein-G beads (Active Motif) at 4°C

overnight. The collected beads were washed with three time?B&dnd incubated with
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HAT assay cocktail (5@Ql) containing 10ul of core histones and 100 uM [3H]acetyl-CoA
(0.5 pCi/ul) at 30 °C for 30 min. Fifteen pl of the supernatant of sactple was placed on
P81 square papers and [3H]acetyl incorporation into the substratesieessired using a
scintillation counter. Data were expressed as mean values of cauiisacted from

background values measured in samples containing normal mouse IgG.

Chromatin immunoprecipitation assays (ChlP)

TheChIP-IT Express enzymatic kit from Active Motif was used to analyeentvivo
binding of NB p65 and p50 subunits, and p300/CBP co-activators onto the rai PKC
promoter region. Unless otherwise stated, all reagents, buffersupplies were included in
the kit. The ChIP assays were performed following the manufésinstructions with slight
modifications. Briefly, ~1.5 x 10cells were fixed in 1% formaldehyde for 10 min at room
temperature. After cross-linking, the nuclei were prepared &nohatin was enzymatic
digested to 200-1500 bp fragments (verified through running on a 1% aggel)sby
incubation with the enzymatic shearing cocktail for 12 min at 37Th€.sheared chromatin
was collected by centrifuge, and a dlOaliquot was saved as an input sample. Aliquots of
704l sheared chromatin were incubated overnight with rotation at iflC protein G
magnetic beads and thrag indicated antibody. Equal aliquots of each chromatin sample
were saved for no-antibody controls. After extensive washingrsal of cross-links, and
proteinase K digestion, the elute DNA in the immunoprecipitatedplesmvas directly
collected on a magnetic stand, and the input DNA was purified by ptleloobform
extraction and ethanol precipitation. The DNA samples were zgtilyy PCR using primer

pairs designed to amplify a region (-103 to +60) within B@moter. Conditions of linear
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amplification were determined empirically for the primers. P&Rditions are as follows:
94 °C 3 min; 94 °C 20 sec, 58 °C 30 sec, and 72 °C 30 sec for 35 cycles. Rh@dellcts
were resolved by electrophoresis in a 1.0% agarose gel antizaaduafter ethidium bromide

staining.

Bioinformatics

CpG island identification was analyzed with the web-based gmodCpG Island
Searcher (Takai and Jones, 2002). This program defines a CpG slamdgon with a G+C
content> 50%, longer than 200 bp nucleotides, and an Observation/Expectation CpS ratio
0.6. The search for the phylogenetic sequence conservation amohgnnan, murine, and
cow PKG promoter was conducted with the DiAlign professional TF Release 3.1.1 (DiAlign
TF) (Morgenstern et al., 1996; Morgenstern et al.,, 1998) (Genomaftwe8e, Munich,
Germany). This program identifies common transcription factor itgngites matches
located in aligned regions though a combination of alignment of inpyiesices using
multiple alignment program DiAlign (Morgenstern et al., 1996; Mosgern et al., 1998)
with recognition of potential transcriptional factor binding sitgsMmatinspector software
(Cartharius et al., 2005) (Genomatix Software), which employedaasiiibrary version 8.0.
The nucleotide distribution matrix information listed in supplemengddld 4 was obtained

through the use of the MatBase program (Genomatix Software).

Data analysis

All statistical analyses were performed using thenPris0 software (GraphPad

Software, San Diego, CA). In PKCprotein and mRNA degradation experiments, a
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one-phase exponential decay model was fitted to each data sethgsimanlinear regression
analysis program of Prism 4.0 software as follows: Y = Sprdlateau, where Y starts at
Span + Plateau and decays with a rate constant K. The haif-tife each mRNA or protein
was subsequently determined by 0.693/K. The goodness-of-fit wasembassthe square of
the correlation coefficient @R Data were analyzed either by Student's t test or one-way
ANOVA followed by Tukey’s pairwise multiple comparison tesatstical significance was

defined a$<0.05.

Results

Expression of human a-synuclein in N27 dopaminergic cells down-regulates PK&
expression in an isoform-specific manner

We previously reported that PKCserves as a key proapoptotic effector in
dopaminergic neurons, and caspase-3-mediated proteolytic cleaVagKCs is a key
mediator in multiple models of dopaminergic neurodegeneration (Anantheir al., 2002;
Kaul et al., 2003; Yang et al., 2004; Kaul et al., 2005b; Kanthasamy et al., 2006; Zhang et
2007a). Growing evidence indicates that the neuroprotective mechahendogenouasyn
involves deregulation of gene expression of specific stress-signaloiecules linked to
neuronal survival (Alves Da Costa et al., 2002; Hashimoto et al., 2002; hgBog et al.,
2003; Albani et al., 2004). Analysis in a variety of cell lineN9D, N27, PC12, M213-20,
and SH-SY5Y, revealed a striking inverse correlation betweensRIRGasyn protein levels
(Supplemental Fig. 1). These observations raised the question of whetyre might

regulate PK@ expression and thereby promote cell survival. To address this hgotive
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engineered rat-immortalized mesencephalic dopaminergic N27ireelto express human
wild-type asyn by stably transfecting with plasmid pCEégn or pCEP4 control vector.
The widely used N27 neuronal cell model represents a homogepeputation of
TH-positive dopaminergic cells and is highly useful for studying degeneraggbkanisms in
PD (Clarkson et al., 1999; Kaul et al., 2005b; Peng et al., 2005a; Zaflar2007; Zhang et
al., 2007c; Lee et al., 2009). The stable expression of husym in stable N27 cells was
assessed by Western blot assay using dBgn antibody (Syn-1) that detects both
exogenously expressed humasyn and endogenous kasyn. As shown in Fig.A, theasyn
endogenous level was too low to be detected in vector control N27 cellseasghe
exogenously expressagsyn could readily be detected in thsyn-expressing N27 cells.
Importantly, the level otisyn achieved imwsyn-expressing N27 cells appears to be within
the physiological range, as this level was comparable tcséwat in the rat brain substantia
nigra (rSN) homogenates (FigA)L Further analysis of subcellular localizationoslyn in the
stable cells demonstrated thegyn is exclusively in the cytoplasm but absent in the nucleus
(Supplemental Fig. 2). We next determined whettsyn affects PKE expression. Western
blot analysis (Fig. B, left panel) of various PKC isoforms showed a selective suppreesi
PKGC3 in asyn-expressing N27 cells. Quantitative analysis showed#yat caused a ~50%
reduction in PK@ protein levels, whereas PKCBI, and{ were not affected (Fig.Bl right
panel). To further determine whether this specific inhibition aecuat the mRNA level,
semiquantitative RT-PCR (primer sequences are listed in supplahTable 1) was carried
out (Fig. IC, left panel). Similar to the trend seen in protein levels, onlCPKIRNA

expression was markedly reduced dogyn. qRT-PCR analysis revealed a dramatic ~80%
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reduction in PKG@ mRNA in asyn-expressing N27 cells (FigClright panel). To ensure the
observed down-regulation of Pi&@ene expression in these two stable cell lines was not an
artifact from the selection or maintenance of stable tratasfes; we examined the PRC
expression in transiently transduced N27 cells. As shown in Bigrdnsient transduction of
N27 cells with lentivirus encoding human wild-typesyn-V5 fusion also resulted in a
dramatic decrease in expression of BK@ene compared with control lentivirus
(lacZ-V5)-infected cells. Taken together, these data demamdtnat asyn is capable of

repressing the PK&isoform in N27 dopaminergic cells.

Dysregulation of PKC3 by a-synuclein protects against MPP-induced cell death in
dopaminergic N27 cells

After we identified that increasegsyn inhibits the steady-state level of PKQve
investigated the significance of PR@ownregulation byxsyn. Previously, we established
the proapoptotic function of PKCin dopaminergic neurons using siRNA and dominant
negative PK@ mutants (Yang et al., 2004; Kitazawa et al., 2005; Latchoumycantahe e
2005). In the present study, we employed a lentivirus encoding RISEd to the V5 epitope
(PKC3-V5) to markedly overexpress Pi&@nd investigated whether PBR@ain of function
influences the neurotoxicity in N27 cells following MPRreatment. The increased
expression of PKE& after lentiviral infection compared with control lentivirus-infsttcells
(LacZz) was confirmed by Western blot assay (Supplementgl B). The extentof
MPP"-induced apoptosis was measured by DNA fragmentation (RgleXt panel) and

caspase-3 enzymatic activity (FigA,2right panel) analysis. In LacZ control-infected
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cultures, asyn-expressing N27 cells almost completely suppressed’fitBBced DNA
fragmentation and caspase-3 activity as compared to vector co@fotélls. Importantly,
introduction of PKG@ significantly increased MPRnduced DNA fragmentationp&0.01)

and caspase-3 activityp<€0.05) in asyn-expressing N27 cells. These results suggest that
downregulation of PK& by asyn is protective. In further support of these data,
MPP'-induced PKG proteolytic cleavage and its nuclear translocation, events assbcia
with apoptosis (Anantharam et al., 2002; DeVries et al., 2002; Kaul €083; Kaul et al.,
2005b), were almost completely diminished dasyn-expressing N27 cells compared to
vector control N27 cells (Fig.B).

Next, we examined the localization akyn in the stable cells following MPP
treatment. As shown in Fig(2 the exclusive localization efsyn in the cytoplasm was not
affected by MPP, as determined by Western blot and immunostaining. Interestingly, a recent
study demonstrates that subcellular localizationsyfn may contribute to its neurotoxicity:
nuclear localization ofisyn promotes apoptosis whereas cytoplasmic localizatiasyr
protects cells (Kontopoulos et al., 2006). Taken together, these regpfisrt a model in
which asyn acts in the cytoplasm to protect against MiRBuced dopaminergic cell death

via negative regulation of the proapoptotic kinase Blégpression.

Increased a-synuclein expression in an animal model is associated withecreased
PKCb levels within nigral dopaminergic neurons
We further extend our findings from a dopaminergic cell cultureaintmdan animal

model. Since recent studies conducted in our laboratory demonstratB& @dais expressed
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in dopaminergic neurons in nigral regions of the brain (Zhang €0dl7c), we decided to
determine whether an inverse relationship betwesyn and PKG expression in nigral
dopaminergic neurons existed in vivo. For this purpose, we carried outniatmstological
studies in transgenic mice that overexpress wild-type humayn (htg) and in
non-transgenic control (non-tg) mice. This transgenic line has die@acterized previously
(Chandra et al., 2005); it expresses high levelsx®fn throughout the brain under the
regulatory control of the Thy-1 promoter, and unlike some similarmhttansgenic lines, it
does not display the Parkinson’s like phenotype upon aging. This moesedo displayed a
dramatic resistance to the neurodegeneration caused by deletigstedhe-string protein:-
(CSRy) (Chandra et al., 2005). The effects of overexpressiamsph on PK@ expression
within nigral dopaminergic neurons were studied by double-immunostaingngl issues
for TH (marker of dopaminergic neurons) and BK&s shown in Fig. 3A, a strong PKC
immunoreactivity (stained in red) was observed in control micahen cytoplasm of
TH-expressing neurons (stained in green). Moreover, the majorittheofTH neurons
displayed co-localization of TH and PBQyellow color in the merged panel). In contrast,
the asyn transgenic mice exhibited a significant decrease indRK@unoreactivity within
TH neurons as well as significant loss of the corresponding cazatiah of TH and PKG.
Quantitative analysis of TH-PKIto-localized dopaminergic neurons relative to the number
of total TH neurons showed that >70% of TH-positive cells lost RKIC5 expression in
asyn transgenic mice (Fig. 3B) as compared to control mice. @imgsults were obtained
by quantifying TH-PKG@ co-localized dopaminergic neurons in a delineated area

(Supplemental Fig. 4). Western blot analysis confirmed a ~6Hhalctase in the levels of
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asyn in the substantia nigra efsyn transgenic mice (Fig. 3C). Overall, these results
establish an in vivo relevance of the relationship betwesym overexpression and PRC

expression in dopaminergic neurons.

a-Synuclein attenuates PK@ promoter activation and transcription efficiency without
affecting PKC$ protein turnover or mRNA stability

We next investigated the molecular mechanism underlying otbgn-induced
suppression of PK&expression. First, we examined whethsyn could destabilize PKC
protein in N27 cells. To this end, we investigated the PKEnover rate by performing a
pulse-chase experiment on bathyn-expressing and vector control N27 cells labeled with
[35S]-methionine.aSyn had no effect on PKCprotein turnover (Fig. 4A). The relative
half-life of PKGS was estimated to be 14.77 h in vector control and 14.07 h in
asyn-expressing N27 cells (Supplemental Table 2), an insignificiietafice between the
two cells. We also considered the possibility thisyn might directly alter the PKOMRNA
instability. To address this possibility, we measured PKIRRNA half-life by treating cells
with the transcription inhibitor ActD for 0-12 h, and quantified BKGRNA by gRT-PCR
(Fig. 4B). The relative half-life of PKEMRNA was about 2 h in vector control cells, and the
decay continued thereafter. Notably, overexpressiomsyh did not change the relative
half-life of PKG mRNA (Supplemental Table 3). Taken together, these results den®nstra
that asyn-induced suppression of PK@ not due to altered rate of PB@rotein or mRNA

decay, suggesting that there are no post-transcriptional effacsymbn PKG expression.
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We therefore turned our attention to transcriptional steps thatl coatliate the
reduction in PKG@ via asyn. We first examined whethesyn caused a decrease in the BKC
promoter activity. For this, a 1.7 kb (-1700/+22, relative to the trgyiguristart site) region
of the rat PKG@ promoter was amplified and cloned into the pGL3-Basic repoetor. The
promoter activity was then studied by transfeciitsyn-expressing and vector control N27
cells with the reporter construct pGL3-P&€arrying PKG promoter. As shown in Fig. 4C,
compared with vector control cellsisyn resulted in a significant decrease (p<0.001) in
luciferase activity, suggesting thatsyn-induced suppression of PBQs most likely
mediated at the level of transcription.

Next, we employed a nuclear run-on assay to investigatdféntseofasyn on PKG
transcriptional rate. In this assay, nuclei were isolated &herasyn-expressing or vector
control N27 cells and used with the reaction containing biotin-16-UTP aMe prepared
nuclei from vector control cells and incubated without biotin-16-UTR asgative control
for the run-on reaction. After the transcriptional reaction, totalean RNA was extracted,
and then biotinylated RNA was isolated using Streptavidin magmetszls. gRT-PCR
analysis was conducted with the biotinylated RNA and total nué®sk pools. Fig. 4D
shows the representative amplification plots for BRERNA (left panel) ang-actin mRNA
(right panel). The amount of biotinylated PKOnmRNA generated in nuclei from
asyn-expressing cells was lower than that obtained from vectorotamls, butf-actin
MRNA levels were nearly identical, indicating thadyn specifically inhibits the PK&
transcriptional rate. Quantitative analysis showed a significeshiction (p<0.001) in the

PKGCs transcription efficiency imsyn-expressing cells (Fig. 4E). Collectively, the results of
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the run-on experiment, combined with the promoter reporter anadsisgly suggest the
involvement of a transcriptional repression mechanism in the regulatiPKG expression.
In addition, we also explored the possibility that epigenetic meahangich as DNA
methylation (Supplemental Fig.5A) may be responsible forotlsgn-induced reduction in
PKGCs. Examination of the methylation status of the rat B@omoter by MSP analysis
(Supplemental Fig. 5B) revealed an identical methylation patterasyn-expressing and
vector cells, suggesting that the hypermethylation mechaniteasdikely to be involved in

the repression of PKC

Increaseda-synuclein expression suppresses PKGn part by blocking NFkB activation

To further explore the mechanism a@dyn inhibition of the PK& promoter activity,
the rat PKG proximal promoter (-178 to +22) was aligned for comparison with the
homologous sequences from the murine, human, and bovine genome (Suppleme6jal Fig
Murine PKG and human PK&promoters were well conserved from 89% to 71% compared
with rats, although the same region was less conserved in the bd«@t gene (59%).
Further analysis revealed six highly conserved transcriptidorfénding sites (TFBS) in
the proximal promoter (Supplemental Fig. 6 and supplemental Table 4)ncArthese
conserved TFBS, the most notable were two potentiaB\¥inding sites (Supplemental Fig.
6), located at positions -20 to -8 (designated a$f¥keB1) and -50 to -38 (designated as
PkaNFkB2). They are in close proximity, providing an enticing platfoanNFB binding
and transactivation of the PK@ene. Additionally, a previous report indicated thakBIF
may be involved in mouse PKQxpression (Suh et al.,, 2003). Therefore, we carried out

detailed studies on the role of these wsites in the regulation of basal P&KExpression
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in N27 cells and also elucidated whether «BF plays a role in asyn-mediated
downregulation of PK& expression. To determine if these sites were able to biré Nie
performed EMSA using PK&promoter'skB site sequence as a probe and nuclear extracts
from vector cells as a source of RB-(oligonucleotides sequences used in EMSA are listed
in supplemental Table 5). As shown in Fig. 5A, in the absence of nesigact, the labeled
probe is detected as free probe migrating at the gel front {)ame contrast, in the presence
of nuclear extract, an intense shifted band is seen in EMSA B&wdlFB1 (left panel) or
PkadNFkB2 (right panel) as a probe (Fig. 5A, lane 2). Sequence ggcibf the
DNA-protein complex was shown by competition with excess ottgsleunlabeled oligos.
The addition of excess unlabeled self oligos, okBIFEonsensus oligos, resulted in the
ablation of this DNA-protein complex (Fig. 5A, lane 3 and 5). Howewaer,excess of
unlabeled mutant PEBIFkB oligos, or unrelated AP1 consensus oligos, did not interrupt the
binding of nuclear proteins (Fig. 5A, lane 4 and 6). In addition, pardi&A-using NkB
consensus sequence as probe also confirmed that thé& prE@oter-specifiacB sites can
compete efficiently against the NB consensus sequence for bindingkBHSupplemental

Fig. 7). Thus, these data clearly demonstrate that thes Rif@moter has two functional
NFkB binding sites.

To further characterize MB binding to the PK& promoter, we performed
supershift assay using RiFkB1 as a probe and nuclear extracts from vector cells. As
shown in Fig. 5B, in the absence of antibodieskBIBinding to the PkiNF«kB1 probe was
again observed (lane 1), and competition with an excess oblggls was included as an
internal control (lane 2). In the presence of anti-p65 antibodyrtitein-DNA complex was

interrupted, and a specific supershift band was formed (lane 4)efféxs was also observed
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with the complete ablation of protein-DNA complex and the formatiorarofintense
supershift band when we added anti-p65 and anti-p50 together (lane 5).pireskace of
anti-p50 antibody alone, however, no supershift was formed but therpBiX\ complex
was significantly reduced (lane 3). The lack of a clear rsife with p50 antibody may be
due to the interruption of the formation of protein-DNA complex by exyg$o a specific
antibody (Gustin et al., 2004). Normal rabbit IgG antibody displayed fextebn the
formation of the protein-DNA complex. Thus, our data demonstrated tiF&B Ns
constitutively activated in N27 cells, and that the activatea&kBNBound to the PKE
promoter comprised of a p50/p65 heterodimer.

If asyn inhibits the PK& promoter activity through the NB cis-elements at the
PKCs promoter, we should see a decrease in theBNPNA complex inasyn-expressing
cells. As expected, the nuclear extracts (bofig5and 10ug) from asyn-expressing cells
exhibited reduced DNA binding activity to the Bk&«B1 probe as compared with vector
control cells (Fig. 5C). A similar result was obtained whenl#éheled PkéNF«B2 probe
was used (Supplemental Fig. 8). In addition, the binding reactitncyiosolic extracts was
also performed as an internal control, in which na«cBHDNA complex formed because
NFkB is sequestered in the cytoplasm in an inactive form byractien with kB
(Supplemental Fig. 8). Based on these findings, we then carriedGhlPaassay to analyze
the effect ofasyn on NkB activation in vivo. As shown in Fig. 50usyn expression
diminished endogenous binding of both p65 and p50 to thedRi&@noter. No detectable
signal was observed in the absence of antibody in the immunoprecipifaibcess. To

further confirm the inhibitory effect ofisyn on NKkB transactivation, parallel studies
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employing RNA interference to down-regulaisyn were performed. For this study, we
transfected siRNAxsyn (siasyn) intoasyn-expressing cells and then examined theBNF
binding to the PK@ promoter'skB element at 72 h post-transfection. EMSA showed that
NF«B activity was dramatically increased wsyn knockdown samples (Fig. 5E). The
efficacy of asyn-siRNA was evaluated by Western blot (Supplemental Fjgar®) a 90%
reduction in thex-syn level was obtained as compared to the negative control s&RNA
mock transfected control. Finally, we characterized the requireofiétfekB for constitutive
PKCs expression in N27 cells. To this end, we utilizedkB#p65 siRNA to directly inhibit
the p65 protein. When N27 cells were transfected with SiRNA-p6p66)i- a ~56%
reduction in the p65 level was observed, correlating with a concomitant ~35%saeioréze
PKGCs protein level. However, the negative control SIRNA and mock trarsfecontrol did

not show a significant effect on the levels of p65 or B@teins (Fig. 5F). Collectively,
these results indicate that & plays an important role in PKGransactivation in N27 cells,
and thaiosyn-induced down-regulation of Pl&@xpression was mediated, at least in part, by
reducing the NkB binding tokB enhancer elements at the RK@omoter.

To further confirm the functional role of MB in the regulation of PKE& gene
expression in primary dopaminergic neurons, mouse primary mes$aficepultures were
treated with the N&B inhibitor SN-50, a cell permeable peptide that block&BIRuclear
translocation (de Erausquin et al., 2003), and ®K@munoreactivity of TH-positive
neurons was analyzed immunocytochemically (Fig. 6). Exposure of rgrimesencephalic
cultures to SN-50 (10Qug/ml) for 24 h induced a significant reduction in RKC

immunoreactivity in TH-positive neurons (Fig. 6A). Analysis of fluged intensity with
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Metamorph Image analysis software revealed a ~70% (p<0.01) adecrm PKG
immunoreactivity in SN-50-treated TH-positive neurons (Fig. 6B)oAtke SN-50 (100
ug/ml) treated culture showed reduced p65 level in the nucleus, roargitthe inhibitory
effect of SN50 on NkB activation (data not shown). These results confirm thaB\E an
important regulator of PK& expression in cultured substantia nigral neurons, and thus,
further analyses were carried out to examine the mechanispotiah af asyn in inhibiting

NF«B activity to down-regulate PK&expression.

a-Synuclein-induced blockade of NkB activation is associated with decreased
acetylation of p65, but does not correlate with alteration of nucky translocation or
protein levels of NR«B/IkBa

Our next objective was to explore the molecular basis of inhibitidéFeB activity
by asyn. Sinceasyn is predominantly located in the cytoplasm (Supplemental Fighe), t
inhibitory effect ofasyn on NkB activity may be due to its interaction with K& in the
cytoplasm, preventing NdB localization to the nucleus. However, in our experimental
conditions, we were unable to detect physical interactions betwsgnand NkB subunits
or IkBa by co-immunoprecipitation analysis (data not shown). It may laspossible for
asyn to indirectly modulate N&B activity by enhancing the cytoplasmic retention of
p50/p65 or altering cellular pools afBa. To test this possibility, the subcellular distribution
of NFxB p50/p65 anddBa was compared betweetsyn-expressing cells and vector control
N27 cells. Surprisinglyasyn did not have any effect on p50/p65dBFsubunits or#Ba in

both cytoplasmic and nuclear fractions (Fig. 7A). To further determi reduced
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NF«B/DNA binding activity by asyn resulted from alteration of protein levels of dBF
subunits anddBa, we analyzed p65, p50, ancBlo by Western blot. As shown in Fig. 7B,
the total protein levels of p65, p50, am@& were not affected bysyn either.

Studies were then undertaken to determine whetsyar-mediated downregulation of
NF«xB activity might be related to NdB/p65 acetylation, a nuclear event associated with
increased transactivation potential of «-and regulated by both p300/CBP HAT and
HDAC3 (Chen et al., 2001; Chen et al., 2002). In this experiment, wholextedicts were
immunoprecipitated with a p65 antibody, and acetylated p65 (Ac-p65)dstected by
Western blot using an antibody specific for acetylated lysiral p65 proteins from
immunoprecipitates were then re-probed with the p65 antibody. As shoWwig.iv¥C, a
~65kDa acetylated p65 showed no overt differences in acetylated p63)ebtdtal p65
levels immunoprecipitated fromsyn-expressing cells were significantly higher than that
from vector control cells, which might be due to the different iefficies achieved during
immunoprecipitation steps. Quantification of normalized data (Ac-p65 tot@l p65)
revealed a significant (p<0.01) reduction in Ac-p65aByn-expressing cells compared to
vector control cells (Fig. 7C, right panel). To further confirm rthle of p65 acetylation in
the modulation of PKE& expression, we employed the HDAC inhibitor sodium butyrate,
which increased the acetylation of p65 (Duan et al., 2007), possibly tojtimpiHDACS3.
We previously reported that certain neurotoxic insults inducesRH&avage via a caspase-3
dependent manner (Kaul et al., 2003; Kaul et al., 2005b). Since we have liatisodium
butyrate markedly induced caspase-3-dependent cleavage @ IRKKI27 cells (data not

shown), a caspase-3-specific inhibitor Z-DEVD-FMK was applieghrevent the sodium
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butyrate-induced PKE cleavage. After co-treatment with sodium butyrate (1 mM) and
Z-DEVD-FMK (50 uM) inasyn-expressing cells, as expected, total cellular acetylatsn
significantly enhanced. In particular, two most prominent bands weesvaosat 15 kD and
10 kD, respectively (Fig. 7D, right panel). In correlation with timslihg, sodium butyrate
treatment resulted in a time-dependent increase indAKGtein levels, whereas it had no
such effect on the levels of other PKC isoformsp{, {), suggesting that increased cellular
acetylation can isoform-specifically up-regulate PKEig. 7D, left panel). Taken together,
these results suggest thasyn inhibition of NkB binding to the PK& promoter is
associated with decreased acetylation of p65, without alteratiorNFefB nuclear

translocation,®Ba. degradation, or NéB/IkBa protein levels.

a-Synuclein down-regulates p300 proteins, resulting in decrea$eg300 HAT activity
and inhibition of p300-dependent transactivation of PK®@ expression

Because the acetylation of p65 by HATs p300/CBP plays a cnad@lin NFB
activation, we hypothesized that p300/CBP may be a targetudgn to inhibit p65
acetylation. First, to determine what effect, if angyn would exert on these proteins, we
measured levels of p300 and CBP by Western blot. As illudtiat€ig. 8A, the amount of
nuclear p300 was strikingly reduced (60%) dryn-expressing cells, whereas CBP was
unaltered, suggesting a selective decrease in p300 proteusybyNeither p300 nor CBP
can be detected in cytoplasmic fractions as they are predomimardglear proteins. To
further examine whether the decrease in p300 proteins was at tNA meRel, the p300

MRNA was measured by gRT-PCR analysis. However, p300 transugts (Supplemental
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Fig. 10) were unaffected bgsyn, suggesting that other mechanisms, such as protein
degradation, may be required for the decrease in p300 proteins. Meassessed the effect

of reduced p300 on its HAT activity. In this experiment, p300 HAfivitg was determined
using an in vitro acetylation of the core histone with endogenous p300 proteins
immunoprecipitated fronusyn-expressing and vector control cells. As shown in Fig. 8B,
p300 HAT activity decreased by ~70%asyn-expressing cells as compared to vector cells,
suggesting that the balance between HAT and HDAC activitiesyn-expressing N27 cells
was altered bysyn. The reduction in p300 HAT activity lasyn therefore appears to be at
least in part a consequence of the depletion of p300 proteirsyin-expressing cells. In
addition to their intrinsic acetyltransferase activity, p300 aB& @re well-known for their
roles in bridging multiple sequence-specific transcription factorgeneral transcriptional
machinery to initiate transcription (Chan and La Thangue, 208Hsed on this
understanding and our observation of decreased levels of p300 inducesyrihywe were
interested in determining whethessyn could modulate p300 transactivation potential by
disrupting p300 recruitment to the PBE@romoter. To address this issue, we evaluated p300
binding to the PK@& promoter by ChIP assay. Chromatin was immunoprecipitated with a
p300 antibody and analyzed by PCR amplification of the #&Kfomoter region
encompassing theB binding sites. As shown in Fig. 8C, a small amount of p300 binding
onto the PKG@ promoter was detected in vector control cells, whereassym-expressing
cells, it was completely abolished (lane 4 versus 5). Thicteffas specific to p300, as
binding and recruitment of CBP to the PK@romoter was not affected lmsyn (Fig. 8C,

lane 2 versus 3). While these experiments demonstrateddiatblocked p300 association
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to the PKG promoter, they do not clarify a functional link between loss of p300uaynd
repression of PK& Therefore, we decided to utilize siRNA-p300 to directly inhibit
endogenous p300 function. As shown in Fig. 8D, the transfection of siIRNA-p3080@3)

into N27 cells resulted in a ~50% reduction in p300 protein, which waslated with a
concomitant ~50% decrease in the RK@otein level. Collectively, these results provide
direct evidence for a specific loss of p300 protein and a subsetpmeise in HAT activity
due to stable expression akyn, which could account for decreased p65 acetylation and
binding activity, as well as down-regulation of recruitment and bindfng300 to the PKE
promoter, which is at least partly responsible for the reduction inSRIX@ression.

We further examined the role of p300 HAT in controlling BK&xpression in
primary dopaminergic neurons using the pharmacological modulatq306f Garcinol, a
polyisoprenylated benzophenone derivative isolated from Garcinia indeagka shown to
potently inhibit the activity of p300 and PCAF (Balasubramanyauml.e2004; Arif et al.,
2009). In contrast, CTPB, an anacardic acid-inspired benzamide, has dpeated to
function as an activator of p300, but not of PCAF (Souto et al., 2010; Badasatyam et
al., 2003; Mantelingu et al., 2007). We treated mouse primary mesenceplialres with
either garcinol (uM) or CTPB (10uM), and then PK@& immunoreactivity of TH-positive
neurons was determined. As shown in Fig. 9A, immunocytochemicaingtaevealed that
the level of PK@ immunoreactivity in TH neurons was dramatically reduced bygimgalr
exposure, and in contrastt CTPB treatment significantly enhanced 6 PKC
immunofluorescence. Fluorescent intensity analysis revealed a (6@M®1) decrease and
~170% (p<0.05) increase in PRA@mmunoreactivity in garcinol-treated and CTPB-treated

TH neurons, respectively (Fig. 9B). These results further demonstnatgaB00 can regulate
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the PKG expression in primary dopamine neurons. Taken together with donee@ p300
levels induced byasyn (Fig. 8), these results suggest that inhibition of p300-mediated

transcriptional events hysyn could contribute to the down-regulation of RKC

Down-regulation of p300 ina-synuclein transgenic mice

Thus far, the in vitro experiments indicated that p300 is likelgd the major target
molecule ofasyn responsible for the ultimate impingement on the ®#Kanscription. The
final step in our study was to verify whethesyn overexpression down-regulates p300 in
vivo. To accomplish this, we compared double immunohistochemical labelp&D6flevels
within TH positive neurons in the substantia nigraogn transgenic (htg) mice versus
control (non-tg) animals. As shown in Fig. 10, p300 (stained in regiradominantly
distributed in the nucleus in TH-positive neurons (stained in green).ndjerity of
TH-positive neurons in control mice exhibited significant p300 expressshown by the
intensive p300 immunoreactivity. In contrast, TH-immunoreactive neuronsxsyn
transgenic mice showed weak or no immunoreactivity for p300. Takethéogeith in vitro
results, these findings in an animal model clearly demondtratehe suppression of p300

by assyn contributes to the down-regulation of RKC

Discussion

In the present study, we provide evidence that the normal levelman wild-type

asyn is able to attenuate the MPP+-induced dopaminergic degendpgtimibiting the
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proapoptotic PK@ gene expression. To our knowledge, this is the first evidencedgatis
implicated in modulation of PK& expression via p300. Stable expression of human
wild-type asyn in N27 dopaminergic cells greatly attenuates the MPP+éadpioteolytic
cleavage and nuclear translocation of the PBKEatalytic fragment, leading to a
neuroprotective effect. Conversely, restoring BKé€Xpression significantly ablates such
neuroprotective function. Additionally, we observed that«BIFand p300 are actively
involved in the modulation of PKEgene expression in primary dopaminergic neurons.
NF«B/p300 inhibition remarkably reduces the extent of BK€&Xpression in primary
dopaminergic neurons, whereas activation of p300 induces a significaaridased level of
PKGCs. Furthermore, we show a dramatically decreased expression of kGt dhd p300
proteins in dopaminergic neurons dsyn transgenic mice. In addition, we systematically
characterized the mechanism by whiclsyn represses PKCgene expression. We
demonstrated thaisyn does not interfere with PKGrotein and mRNA turnover but acts
via direct transcriptional repression. Moreover, we provide evidénkang acetylation
events to PK@ repression mediated lmsyn. First,asyn inhibits NikB acetylation, leading

to a reduced N#EB transcriptional activity. Secondysyn disrupts p300 HAT activity.
Finally, we show that increasing the cellular acetylatign HDAC inhibitor treatment
increases PK&expression in an isoform-dependent manner. Collectively, our results support
a working model in whiclusyn acts to inhibit p300 levels and its HAT activity to repress
PKCS expression and thereby protect against neurotoxicity. Thesadsanight provide
mechanistic insights into the physiological roleosfyn in regulating neuronal cell death by

suppressing the proapoptotic kinase BK&xpression. Our proposed model based on the
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experimental results is illustrated in Scheme 1, in which théiirdn of PKG transcription
by cytoplasmicasyn to prevent cell death occurs by disrupting bothkBNFand p300
activation, at least as a consequence of the reduced p300 proteinbseguent decrease in
HAT activity.

aSyn is highly abundant in presynaptic terminals of mammalian braking up to
0.1% of total brain proteins (lwai et al., 1995; Sidhu et al., 2004). Althasgh may have
various roles in dopamine synthesis and homeostasis (Perez et al.P0gzt al., 2005b),
membrane trafficking (Outeiro and Lindquist, 2003; Cooper et al., 2006 ptaympdasticity
(Clayton and George, 1998; Stephan et al., 2002), and as antioxidant or araibaplerone
(Ostrerova et al., 1999; Zhu et al., 2006), its physiological rolgllisisclear. Mutations in
asyn gene promote aggregationoafyn proteins and are linked to PD (Norris et al., 2004).
Furthermore, transgenic overexpression of mutasyn (A53T) in mice produces
neurodegeneration (Giasson et al., 2002; Lee et al.,, 2002). However, cogtn@reesns
about the toxicological properties of wild-typesyn. Several lines of wild-typexsyn
transgenic mice fail to show pathological phenotype (Matsuoka et al; Ra@hke-Hartlieb
et al., 2001). Furthermore, growing evidence suggests a neuroprotedtivier wild-type
asyn. For example, wild-typersyn, but not its mutant proteins, protects dopaminergic
neurons against MPP+ or rotenone toxicity (Jensen et al., 2003). Twensge&e
overexpressing either the wild-type or the AS53T mutardyn are resistant to
paraquat-induced dopaminergic cell death (Manning-Bog et al., 2003)rafisgenic model
used in the current study that overexpresses wild-type husgam exerts neuroprotection

against CSé&-induced neurodegeneration (Chandra et al., 2005). Several hypotheses may
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explainasyn-mediated neuroprotection. It is conceivable ttg®in plays a dual role in the
nervous system. When expressed at physiological levels, itunatidn as a normal protein
that contributes to cell survival. In contraggyn overexpressed beyond a certain threshold
might induce cytotoxicity. A previous study showed that at nanoncolacentrationsesyn
prevented cell death, whereas at both low micromolar and oversggdrdsvels,asyn
became neurotoxic (Seo et al., 2002). Since the levelsyi achieved in our stable N27
cells are within physiological range (Fig. 1A), our ressiipport protective functions of this
protein. In addition to the extent afsyn expression, an alternative possibility is that
dysregulation of subcellulaxsyn may contribute to PDaSyn exists either in a
membrane-bound state that peripherally attaches to vesicles, osdlulde form that is
freely diffusible in the cytoplasm. The translocation betweersethevo subcellular
compartments is crucial for the normal functiorus/n (Bennett, 2005; Wislet-Gendebien et
al., 2006). Althoughasyn was initially recognized as a cytoplasmic protein (letaal.,
1995), several lines of evidence have also documented localizatwsyofin the nucleus
(Goers et al., 2003; Zhang et al., 2008). Interestingly, a previous isdidgted that nuclear
asyn promoted neurotoxicity, and conversely, cytoplasmic localizatiornsyin was
neuroprotective (Kontopoulos et al., 2006). In the present study, theasapllocalization
of asyn that prevented MPP+-induced cell death partially confirmedfitidsng (Fig. 2).
Additionally, asyn has been shown to function as a negative mediator of DA synifeesis
interactions with TH and/or PP2A to inhibit TH activity (Perdzal., 2002; Peng et al.,
2005b). We also reported that P&KQ@egatively regulates TH activity by binding and

phosphorylating PP2A (Zhang et al., 2007c). In the present study, wansiated thadsyn
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represses PK&transcription, suggesting thasyn-mediated repression of PEK@ay alter

DA synthesis. Importantly, we found a reduced BKpression irusyn transgenic mouse
models, indicating the.ssyn overexpression represses the proapoptotic kinasé PKW@vo.
These results may explain whygyn overexpressing mice are resistant to neurodegeneration
in dopaminergic neurons despite the high accumulation of the protein in the substaatia nig

Although our results indicate that p300 pathway is likely the mapmthway
controlling the down-regulation of PKGn transgenic animal, it is possible that other BKC
downregulation mechanisms come into play, acting alone or in cosices, overexpression
of asyn was found to significantly alter multiple signaling pathsyapcluding stress
response, transcription factors, apoptosis-inducing molecules, and membradephmeins
(Baptista et al., 2003). Moreoversyn has been shown to be able to directly associate with
histones and inhibit histone acetylation, suggesting a direct role of the protegnlaticn of
gene transcription (Goers et al., 2003; Kontopoulos et al., 2006).

We report here for the first time the repression of the #K§€ne byasyn in
dopaminergic neurons mediated through the transcription factai Bifrd p300. Our results
show thatasyn inhibits NkB transcriptional activity at the level of p65 acetylation, without
affecting NkB/IkBa nuclear translocationgBo degradation, or NEB/IkBa. protein levels.

It should be noted, however, that acetylation of p65 to mediat® NB&nscriptional activity
may be more complex, as acetylation of discrete lysine siggy regulate different nuclear
functions (Chen et al., 2002). Independent of regulation of p65 acetylatalg, lsnodulation
of p300/CBP-mediated acetylation of p50 has to be considered as onenisrecha the

inhibition of p50 binding activity (Fig. 5D) bysyn, because acetylation of p50 increases its
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DNA binding and further induces MB transcriptional activity (Deng et al., 2003).
Moreover, analysis of the PKCpromoter has uncovered multiple potential transcription
factor sites. Therefore, it is also possible that one or matt@osé factors may contribute to
the attenuation of PK&expression bwsyn.

An important finding of this study is thaisyn specifically decreases p300 protein in
vivo and in vitro. Our model introduces loss of p300 as an underlying mechahigm
reduced HAT activity. p300 appears to play at least two major rolessyn-mediated
suppression of PK& First, loss of p300 proteins and its corresponding HAT activity reduces
p65 acetylation and binding activity to PBE@romoter, thereby resulting in downregulation
of PKG3. Second, PKE& gene expression itself may be dependent on p300. Thus, the
depletion of p300 proteins would decrease the recruitment and binding of p30RKiZEo
promoter, and subsequently may interfere with the interactionsebetp300 and N& or
other transcriptional complexes, eventually blocking BKi@anscription. However, the
mechanism by whicksyn disrupts the p300 protein is unclear. Our data indicatexfiyat
does not likely regulate p300 protein level at the transcriptiondl (Bupplemental Fig. 10).
Further investigation should reveal whethesyn inhibits p300 protein by an alternative
mechanism, such as degradation mediated by proteasome as reporiasiyréPoizat et
al., 2005).

It is important to note that regulation of acetylation of p65 could nditrbieed to the
acetyltransferase activities of p300 and CBP because dedoetyteactions can also
influence the overall acetylation status of ¥BF In fact, it has been reported that p65 is
reversibly acetylated by p300 and CBP and subsequently deacetylatd®ACs, most

notably, HDAC3 (Kiernan et al., 2003). Therefore, the contribution of HOAE the
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inhibition of p65 acetylation bysyn remains to be elucidated. In addition to acetylation, p65
is also regulated by the modification of phosphorylation, which can petenthe
transcription by enhancing p65 association with the p300/CBP coacti#tong et al.,
2002). The influence akisyn on NKkB transactivation by alteration of p65 phosphorylation
status is yet to be determined.

In summary, our results are based on multiple independent techtigtgsgether
elucidate the molecular and cellular mechanisms underlyindaWe-regulation of PK& by
asyn. These findings expand the role adyn in neuroprotection and have important

implications for the development of novel drug therapies for PD.
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Figure 1: a-Synuclein specifically down-regulates PK@ isoform in N27 dopaminergic
cells

A, Whole cell extracts from stably expressugyn N27 cells (Syn), vector control N27 cells
(Vec), and rat substantia nigra brain (rSN) were preparedegsipn ofasyn and TH were
determined by immunoblotting assay with antibodies agaisggh (Syn-1, BD Biosciences)
and TH.B-actin was used as a loading conti|. The specific downregulation of PKC
protein in asyn-expressing N27 cells. Representative immunoblots (left paared)
guantitation (right panel) of PKC isoforms, (a, Bl, and {) in whole cell lysates in
asyn-expressing (Syn) and vector control (Vec) N27 cells. Data slaogymean + SEM
from three separate experiments (%0.001).C, Left: semiquantitative RT-PCR analysis of
MRNA levels of various PKC isoforms. Amplicon base pairs (bp) are shown athhsidgs

of the panel. GAPDH was used as loading control. Right: gRT-P@R/sas for PKG
MRNA expression irusyn-expressing and vector control N27 cells. Data shown represent
mean * SEM from four separate experiments preformed inctipli (***p<0.001). D,
Transient overexpression of human wild-typeyn in N27 cells by lentiviral infection
down-regulates PK& protein expression. N27 cells were infected with lentiviruses
expressing LacZ-V5 (control lentiviral vector) asyn-V5 for 48 h, and whole cell lysates
were analyzed for V5 anfl-actin (top panel), PK& (middle panel), andxsyn (bottom

panel). A representative immunoblot is shown.

www.manaraa.com



ASYN |

(19kD)

TH
(62kD)

B-actin o c—— —

(45kD)

Cc Syn Vec

PKCa 700bp

PKCa 325bp

PKCe 466bp

PKCn 497bp

PKCE, 541bp

PRCA i 380bp

GAPDH 320bp

PKCa

Syn Vec Syn Vec 159 PKC3 PKCa PKCAl PKCL
PKCa

(74kD) T == (g0xp) W W 0 ?
p-actin B-actin @ g
(45kD) == T (45kD) T = =2"
=
Syn Vec Syn Vec EE
PKCBI PKCC ‘ o 50
qokp) R o5 - z E
B-actin B-actin
T T 0
oL L0 & o
ol el -a“"ai 4““:5’5
SRS
D _ &S &
Infection = & 2%
" = g =
> h
§ % 1.0 B-actin “
o (45kD) >
$E :
=5 0.5
=0
o aSynV5 __3
Vec  Syn [gﬁi[; JR—
aSyn
(19kD) =8 _

Figure 1

www.manaraa.com

3€¢



239

Figure 2: Deregulation of PKGS by a-synuclein protects against MPP-induced cell
death in dopaminergic N27 cells

A, Effects of downregulation of PKby asyn on MPP-induced cell death in dopaminergic
N27 cells.aSyn-expressing (Syn) and vector control (Vec) N27 cells wdexted with
lentiviruses expressing LacZ-V5 or PB®5 for 24 h. The cells were then exposed to MPP
(300uM) for 48 h. Cells were collected and assayed for DNArfesxgation (left panel) and
caspase-3 activity (right panel). Data shown represent mearVtfi®E two independent
experiments performed in quadruplicatep<®.05; **p<0.01; and **p<0.001). B,
MPP'-induced PKG proteolytic cleavage and its nuclear translocation were signify
diminished inasyn-expressing N27 cellesSyn-expressing (Syn) and vector control (Vec)
N27 cells were exposed to MPE00 puM) for 36 h. Cytoplasmic (C) and nuclear (N)
fractions were prepared for immunoblotting analysis of BKIDH (cytoplasmic fraction)
and Lamin B1 (nuclear fraction) were used as loading conttpl€ytoplasmic localization
of asyn inasyn-expressing N27 cells was not affected by M@@atmentaSyn-expressing
(Syn) and vector control (Vec) N27 cells were exposed to NB® uM) for 36 h. Cells
were either collected for preparation of cytoplasmic and nuebdsacts and immunoblotting
analysis ofasyn (left panel) or stained and visualized under a Nikon TE2000 fluosce
microscope (right panel). Scale baruf@ A representative immunoblot and imagexsi/n

immunostaining (green) and Hoechst staining (blue) are shown.
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Figure 3: Decreased PK@ expression in nigral dopaminergic neurons inu-synuclein
overexpressing mice

A, Representative images of immunohistochemical analysis ofdPé&pression within
nigral TH-positive neurons. Substantia nigra sections from non-tmnaicsgentrol (non-tg)
mice andasyn transgenic mice (htg) were stained with BKilyclonal antibody (1:250
dilution) and TH monoclonal antibody (1:1800 dilution), followed by incubatiah wlexa
568-conjugated (red; 1:1000) and Alexa 488-conjuated (green; 1:1000) secaritargies.
Hoechst 33342 (1Qg/ml) was added to stain the nucleus. Confocal images were obtained
using a Leica SP5 X confocal microscope system. Green, TH;PieG; blue, nucleus.
White arrows point to dopaminergic neurons with significant PKtining. Scale bar,
25um (left panel) and 76n (right panel). Magnifications 63x (left panel) and 430x (right
panel). B, Quantification of the number of TH neurons containing colocalized 6PKC
immunoreactivity was determined by blindly counting 6 fields and guega Values
expressed as percent of total TH neurons were mean + SEM aerdemative for results
obtained with three pairs of 6-8-week-old mice [{*0.001).C, To analyze the levels of
asyn in substantial nigra homogenates from transgenic mice @vessing human
wild-type asyn and non-transgenic mjcgibstantial nigra homogenates were prepared from
transgenic mice (htg) and non-transgenic mice (non-tg) and subjeciedmunoblotting
analysis ofasyn, and3-actin. Representative immunoblot (left panel) and quantitation (right
panel) of asyn expression were shown. About 6-fold increaseasiyn expression in
substantial nigra was found in transgenic mice. Data were slaswmean + SEM; n=6

(** p<0.001).
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Figure 4: a-Synuclein suppresses PK& transcription without affecting PKC é protein

or mRNA stability in N27 dopaminergic cells

A, Left: Pulse-chase analysis of stability of RK@rotein. aSyn-expressing and vector
control N27 cells were labeled witAS-methionine, and PK&protein was analyzed over 48

h as described in Materials and Methods. Right: The bands weréfiguaand expressed as
percentage of amount present at time O h. The data plotted were & one-phase
exponential decay model using the nonlinear regression analysisapr of Prism 4.0
software as follows: Y = Sparie+ Plateau, where Y starts at Span + Plateau and decays
with a rate constant K. The half-life of the protein was datexthby 0.693/K. The square of
the correlation coefficient @Ris used as a measure of goodness-of-fit in regression analysis
The results of degradation kinetics of PK@rotein are shown in supplemental Table 2.
Values are mean + SEM of two independent experimé&jtShe stability of PKG@ mRNA

was not decreased irsyn-expressing N27 cells. After treatment with actinomyci(AEID),

total RNA was extracted for gRT-PCR analysis at seletited intervals. The relative
abundance of PKEMRNA was expressed as a percentage of that present & timand
data plotted were fit to the one-phase exponential decay modete3ihiés of degradation
kinetics of PKG mRNA are shown in supplemental Table 3. Values are mean + SEM of
three independent experiments performed in triplicatdhe PKG promoter activation was
attenuated irisyn-expressing cells in reporter assays. Reporter pGL3Ri@@ying the
PKCS promoter or pGL3-Basic empty vector was transiently tratesfecinto
asyn-expressing and vector control cells. Cells were collected gdst-transfection and
assayed for luciferase activity ardgalactosidase activity. Data were normalized and

expressed as fold-induction over the pGL3-Basic vector. Valueshaken as mean = SEM
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of three independent experiments performed in triplicate p&@:001). D, The relative
transcription efficiency of PKE was examined by quantitative nuclear run-on assay.
Representative amplification plots for PK@RNA (left panel) ang-actin mRNA (right
panel) are shown. The change in fluorescence interdRg)(was plotted on the Y axis. The
arrow shows the threshold (dashed liné€s) Quantitation of transcription efficiency. Data
are expressed as fold-change in the level of nascent run-o6 RIRGIA in vector control
cells, and are shown as mean = SEM of three independent experipegfaamed in

triplicate (***p<0.001).
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Figure 5: Increased a-Synuclein expression suppresses PKCin part by blocking
NFkB activation

A, Representative EMSA gel images show the direct binding @BN& the putative PKE&E
NFkB sites. Competitive EMSA was conducted using labeled probespornding to the
PKC3 NF«B site 1 (left panel) or the PKKONF«B site 2 (right panel) and indicated unlabeled
oligos. B, Binding p50 and p65 to the NB sites on the PK& promoter. The nuclear
extracts from vector control cells were incubated with exadsunlabeled self oligos or
indicated antibodies prior to adding the labeled probe PKEB site 1). A representative
EMSA supershift gel from three independent experiments is shGwA representative
EMSA gel image indicates the reduced binding okBlfn vitro to the PKG@ NF«B site 1 in
asyn-expressing N27 cellB, ChIP analysis of the in vivo binding of NB-p65 and p50 on
the PKG promoter. After reversal of cross-linking, immunoprecipitated genddiNA
fragments were analyzed by PCR using primers designaohplify the -103 to +60 region
of PKGCS promoter. E, Knockdown of asyn protein increased NB activity.
aSyn-expressing cells were transient transfected with AHaslyn and scrambled siRNA. 72
h post-transfection, the cells were collected and subjected toAEMflysis using the
labeled probe corresponding to the RKIIF«B site 1. Mock transfection was also included
as a negative contrdk, Transfection of NkB-p65 siRNA down-regulated PKGexpression

in N27 cells. N27 cells were transfected with p65-siRNA andsaied siRNA for 96 h, and
cells were collected for Western blot analysis. Representatirainoblot (left panel) and
guantitation (right panel) of p65 and P&Gn whole cell lysates in transfected cells. Data are

shown as mean = SEM of two independent experiments (*p<0.05, **p<0.01).
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Figure 6: Effect of NFxB inhibition on the PKCé immunoreactivity in the primary
dopaminergic neurons

A, Primary midbrain cultures were treated with or without u@0nl of SN-50 for 24 h.
Cultures were immunostained for TH (green) and PKEed). The nuclei were
counterstained by Hoechst 33342 (blue). Images were obtained usiikpra TE2000
fluorescence microscope (magnification 60x). Scale baruml0O Representative
immunofluorescence images are shown. The insert shows a higheificagéign of the cell
body area.B, Immunofluorescence quantification of P&dn TH-positive neurons.
Fluorescence immunoreactivity of PBRGvas measured from TH-neurons in each group
using Metamorph software. Values expressed as percent of control ayeupean £+ SEM
and representative for results obtained from three separateinegpey in triplicate

(*p<0.01).
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Figure 7: a-Synuclein-induced blockade of NkB activation is associated with
decreased acetylation of p65, but does not correlate with nuele translocation or
protein levels of NRB/IxBa

A, B, Nuclear translocation and abundance of xBifkBa were not altered by
overexpression ofusyn. Representative immunoblot of p65, p50 arBal levels on
cytoplasmic and nuclear extraci) (or whole cell lysatesB) from asyn (Syn) and vector
control (Vec) cellsC, The p65 acetylation levels were reducedgyn cells. Whole cell
lysates was immunoprecipitated (IP) with p65 antibody. The resulangunoprecipitates
were blotted with anti-acetyl-lysine and anti-p65 antibodies. Demsiric quantitation of
the ratio of band intensity of acetylated p65 and total p65 from two indepeexperiments
(means + SEM; *p<0.01) is shown on the righD, Sodium butyrate (NaBu) specifically
enhanced PKE isoform expression imsyn-expressing N27 cell&isSyn-expressing cells
were treated with 1 mM NaBu and %0 caspase-3 inhibitor Z-DEVD-FMK, and cell
lysates were prepared for blotting with specific anti-PKC asog (left panel) and

anti-acetyl-lysine (right panel) antibodies.
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Figure 8: a-Synuclein down-regulates p300 proteins, resulting in decreasg@300 HAT
activity and inhibition of p300-dependent transactivation of PK@® gene expression

A, Decreased p300 protein levelsdayn-expressing cells. Representative immunoblot (left
panel) and quantitation (right panel) of p300 and CBP on cytoplasidicaclear extracts
from asyn-expressing (Syn) and vector control (Vec) cells. Daahown as mean £+ SEM
of two independent experiments (**p<0.01). LDH (cytoplasmic fractionhistone H3
(nuclear fraction) was used as loading cont®). Decreased p300 HAT activity in
asyn-expressing cells. Data were subtracted from background valtiegetikameasured in
samples containing normal 1gG, and then expressed as the percehtBlgd activity
present in vector control cells. Values are shown as meaBM & three independent
experiments performed in triplicate (***p<0.001}, The in vivo binding of p300 on the
PKCs promoter was interrupted by overexpressiomsyn. After reversal of cross-linking,
p300-immunoprecipitated genomic DNA fragments were analyzed B #ihg primers
designed to amplify the -103 to +60 region of RK@omoter.D, Knockdown of p300 by
SiIRNA-p300 decreased PHKClevels in N27 cells. N27 cells were transfected with
p300-siRNA and scrambled siRNA for 96 h, and cells were collectedViestern blot
analysis. Representative immunoblot (left panel) and quantitatidmt (ranel) of p300 and
PKGCS on nuclear extracts or whole cell lysates in transfected cells abatshown as mean *

SEM of two independent experiments (*p<0.05, ***p<0.001).
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Figure 9: Effect of p300 inhibition or activation on the PKG immunoreactivity in the
primary dopaminergic neurons

A, Primary midbrain cultures at 7 DIV were treated with ohauit either 5uM garcinol or
10 uM CTPB for 24 h. Cultures were immunostained for TH (greenl) RKG (red). The
nuclei were counterstained by Hoechst 33342 (blue). Images wai@azbusing a Nikon
TE2000 fluorescence microscope (magnification 60x). Scale bam.l1®Representative
immunofluorescence images are shown. The insert shows a higheificagign of the cell
body area.B, Immunofluorescence quantification of P&dn TH-positive neurons.
Fluorescence immunoreactivity of PR@Qvas measured from TH-neurons in each group
using Metamorph software. Values expressed as percent of control ayeoupean + SEM
and representative for results obtained from three separaténespisrin triplicate (*p<0.05,

**p<0.01).

www.manaraa.com



Nucleus

PKCS

|josjuo)

25t

* &2
v 2
"
- 5
nﬁufwu
“o
L L] Li L L) ..\.‘ﬁ-.\
L= — [ = [ =1
L] il = Ty
[ -_— —

AJIA13oE8l0UNLULUY
2OMd a2AaE|DYH

Figure 9

|joulases

www.manaraa.com



256

Figure 10: Decreased p300 level within neurons of the substan nigra in asyn
overexpressing mice

Representative images of immunohistochemical analysis of p300ssiprewithin nigral
TH-positive neurons. Substantia nigra sections from non-transgenimlcmin-tg) mice
andasyn transgenic mice (htg) were stained with p300 polyclonal antigod@$0 dilution)
and TH monoclonal antibody (1:1800 dilution), followed by incubation with Alexa
568-conjugated (red; 1:1000) and Alexa 488-conjuated (green; 1:1000) secamtzogies.
Hoechst 33342 (1Qg/ml) was added to stain the nucleus. Confocal images were obtained
using a Leica SP5 X confocal microscope system. White arrowg pmidopaminergic
neurons with significant nuclear p300 staining. Green, TH; red, p300; blueusu&cale
bar, 2um (left panel) and 7iBn (right panel). Magnifications 63x (left panel) and 250x

(right panel).
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Scheme 1: A proposed model foa-synuclein acting in the cytoplasm to repress PK&
expression and attenuate dopaminergic neurotoxicity

Constitutively activated NEB p50/p65 heterodimers and p300/CBP bind to the two proximal
promoterxB sites and modulate PKCiranscription. Expression aisyn, a cytoplasmic
protein, inhibits p300-mediated acetylation of p65, thereby blocking\NtheB biding to
PKCS promoter. In additiongsyn reduces p300 protein and its HAT activity, resulting in
interruption of binding of p300 to the PKQoromoter and its interaction with general
transcription machinery (GTM), causing inhibition of PKtanscription. The resulting loss
of PKC5 expression confers protection due to reduced proteolytic activatieK@3, which

is a key proapoptotic function of the kinase during neurotoxic insults.
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Supplemental Figure 1: Analysis of the relationship betwen a-synuclein and PKG
protein levels in a variety of cell lines

Left: representative immunoblot analysis of whole cell lysdtem the indicated cell lines
for expression ofusyn, PKG or B-actin. Right: densitometric analysieSyn and PKG
bands were quantified and normalized to tha-aictin. Values are shown as mean + SEM

of two independent experiments.
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Supplemental Figure 2: a-Synuclein was exclusively located in the cytoplasm in
asyn-expressing N27 cells

A, Cytoplasmic and nuclear extracts framsyn-expressing (Syn) and vector control (Vec)
N27 cells were prepared and subjected to immunoblotting analysissyf. LDH
(cytoplasmic fraction) and Lamin B1 (nuclear fraction) wereduae loading controlsB,
Stained cells were mounted on slides and visualized under a Nikon THQ0Gscence
microscope. Images were obtained with a SOPT digital camerapr&sentative image of
asyn immunostaining (green) and Hoechst staining (blue) is shownnirgtaiof
asyn-expressing (top panels) and vector control (bottom panels)vadtisausyn reveals

immnuoreactivity specificity in the cytoplasm but not in the nuclelusisyn-expressing

cells.
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Supplemental Figure 3:Overexpression of PK@ protein by lentiviral infection
aSyn-expressing N27 cells were infected with lentivirusegressing LacZ-V5 (control
lentiviral vector) or PK@-V5 for 48 h, and whole cell lysates were analyzed for V5 (top

panel), PK@ (middle panel), ang-actin (bottom panel). A representative immunoblot is

shown.

www.manharaa.com




263

R

N W A
o o O
o o O

PKC&-TH colocalized
neurons/area(mm?)
=
o

0

non-tg htg

Supplemental Figure 4: Confirmation of the PKG-TH double-staining quantification
technique

To confirm the validity of quantification data shown in Fig, 3he quantification was also
determined by blindly counting the number of TH neurons containing dizledaPKG
immunoreactivity per unit of area and averaging. For each exeetal condition, at least 6
randomly chosen visual fields were analyzed. Values (expressedndser of TH-PKG
colocalized neurons per square millimeter) were mean + SEMegmdsentative for results

obtained with three pairs of 6-8-week-old mice ([{%0.001).
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Supplemental Figure 5:a-Synuclein does not affect the methylation status of PK&

promoter

A, Schematic map of the putative promoter-associ&p@ island region showing the
location of MSP primers and the sequence of the region studied by W&P CpG

dinucleotide is shown in red capital letteBs.MSP analysis of methylation status in RKC
promoter. Bisulfite-modified DNA was used for MSP with primspgcific for methylated

(M) and unmethylated (U) DNA. Water blank was used as a negative control.
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rat CTCCCAGCTCCTTCTCTCCG-GCAGGGCTGGARCCGGCAGGCCTGGCGECGEGCACTGRGCCCGTCCAT
mouse G - A e
cow T -- TG CGG CA AT C G TA C c G TGC
human TAR AG T GG - A C G -A G T cc G GC
dHand-E12
Neurogenin 1/3
NERF1a Myogenin NFxB
rat GGCTCTGCACRARGCCAGCAGGRAGAG—--GRAATGA-GGCCAGGCGAGGCAGGCCAGCTGGCCAGTGGEG
mouse T - - N G
cow T CGCA T C a aRn GC A c LG GG CAR
human TCGA T C A CAG G G- B G
Transcription start +22
_— NFxB 1
rat AGTCCCGGGCETGEGECGCAAGTAGTTGGGERAAGCCCCGCCGCTGCCTCCTGGGECTCCATTGTGTGTG
mouse T T G
cow CCR TG G AC C TC C -G Cc G
human T TGG G CG Cc GCC CA c GC G C Ga

Supplemental Figure 6: Sequence alignment of the proximal PK&promoter

The proximal rat PK& promoter sequence (-178 to +22, relative to the transcription start
site) was aligned with the homologous sequences from the mouse, fandamgw genome
using a DiAlign professional program. Sequence differences areaiedicand gaps
introduced to maximize homology are marked by dashes. The highlyreetiSE-BSs are

labeled, and the NdB sites are highlighted in red.
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Supplemental Figure 7:The putative NFB sites on the PK@ promoter competed with
the consensus NkB probe for NFkB binding
Competitive EMSA was performed with the labeled consensuBNffobe and indicated

unlabeled oligos. A representative EMSA gel image is shown.
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Supplemental Figure 8: Representative EMSA gel images indite the reduced binding

of NFkB in vitro to the PKC8 NFkB site 2 inasyn-expressing N27 cells (Syn) compared

to the vector control N27 cells (Vec)N.E., nuclear fractions; Cyt., cytoplasmic fractions.
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Supplemental Figure 9: Efficient knockdown of a-synuclein by siRNA«asyn was
confirmed by Western blot analysis

Representative immunoblot (left panel) and quantitation (right pahei$ym on whole cell
lysates in transfected cells. Data are shown as mearvitdbEvo independent experiments

(** p<0.01).
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Supplemental Figure 10: Increasedn-synuclein expression in N27 cells does not alter
the amount of p300 mMRNA

Quantitative analysis of p300 mMRNA levels asyn-expressing (Syn) and vector control
(Vec) cells. Data shown represented mean = SEM of three indepeagpatiments
performed in triplicate. Note, p300 transcripts were not altemedsin-expressing cells

(p>0.05).
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Primer Sequence (5’-3') Amplicon
PKGs Fg GTCTATCTCGAGCACTCTCCTGAAGCCCACCATG 1901
PKGS Rg GTCTATAAGCTTCACACACAATGGAGCCCAGGAG

PKGs Fs GGGCTACGTTTTATGCAGCT 700
PKGS Rs AGCAGGTCTGGGAGCTCACT

PKCa Fs TGAACCCTCAGTGGAATGAGT 325
PKCa Rs GGCTGCTTCCTGTCTTCTGAA

PKCe Fs CCACCAAGCAGAAGACCAAC 466
PKCe Rs TTTGTGGACGACGCAGGTAC

PKCn Fs GAAGGAGAGTCCATCAAGTC 497
PKCn Rs TCAGCGTAGACCTGGAAATG

PKCC Fs GGGACGAAGTGCTCATCATC 541
PKCC Rs GAGGACCTTGGCATAGCTTC

PKC\ Fs GCAGTGAGGTTCGAGATATG 380
PKCA Rs CCAGCAGTTTGCAGTTGATG

GAPDH Fs CAATGCATCCTGCACCACCAAC 320
GAPDH Rs CATACTTGGCAGGTTTCTCCAG

PKGs Fg TAAGCCCAAAGTGAAATCCC 138
PKGS Rq ACAAAGGAGAAGCCCTTGAA

B-actin Fq ATCGCTGACAGGATGCAGAAG 76
B-actin Rq TCAGGAGGAGCAATGATCTTGA

Methylated F CGTAAGTAGTTGGGGAAGTTTC 230
Methylated R CACGAAAACTAAAAAT CCGAC

Unmethylated F GGTGTAAGTAGTTGGGGAAGTTTT 233
Unmethylated R CCACAAAAACTAAAAATCC AAC

ChIP F ACAAGCCAGCAGGAAGAGGA 163

ChIP R

TTATAGAGGAGGACTCCGAGGC

F, Forward; R, Reverse; g, genomic PCR for clotirggrat PKG promoter; s, semiquantitative RT-PCR; g, quariitat

RT-PCR.
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Supplemental Table 2: Degradation of PK@ protein in N27 cells

Cells Half-lives (h) K R
Vec 14.77 + 4.54 0.055 +0.017 0.971
Syn 14.07 £1.89 0.051 £ 0.007 0.845

PKGCs protein degradation data were fit to a one-phase exponential deck} using the
nonlinear regression analysis program of Prism 4.0 softwafellaws: Y = Span &' +

Plateau, where Y starts at Span + Plateau and decays raith eonstant K. The half-life of
the each protein was subsequently determined by 0.693/K. The goodifiesgasfassessed

as the square of the correlation coefficierf) (Ralues are expressed as mean + SEM.
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Supplemental Table 3: Stability of PKG mRNA in N27 cells

Cells Half-lives (h) K R
Vec 1.78 £0.17 0.396 £ 0.039 0.734
Syn 1.72 +0.24 0.415 £0.058 0.816

PKC5 mRNA stability data were fit to a one-phase exponential decagtel using the
nonlinear regression analysis program of Prism 4.0 softwarellasv$: Y = Span &' +

Plateau, where Y starts at Span + Plateau and decays raith eonstant K. The half-life of
the each mRNA was subsequently determined by 0.693/K. The good+issas assessed

as the square of the correlation coefficierf) (Ralues are expressed as mean + SEM.
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SupplementalTable 4: Phylogenetic conserved putative TF-binding sites locating orat

PKC8 proximal promoter

Family/matri  TF Position Strand Nucleotide Sequene Binding Profile*"
ETSF NERF1l1a -991to -79 (+) agccagc&GAAgaggaatga nnr&GAAgnr
HAND dHand-E12 -68 to -48 (+) ggcaggcagcTGGCcigtgg  ccagaTGGCcicecen
MYOD Myogenin -50 to -66 ) actg@AGCtggcctg rnkynnCAGCtgbnsbn
NEUR Neurogenin 1/3  -65to -53 +) aggQCAGctggcece SVCAT mtgkyn

NFkB NFkB -38 to -50 ) ccGGActcacca GGGAnNtyycc

NFkB NFkB -20 to -8 (+) tgGGGAagcecg GGGAnNtyycc

anucleic acid codes used: a-adenine, c-cytosinelagrge, t-thymine, r-G or A, y-Tor C, k-G or T;Anor C, s-Gor C,
w-AorT,v-AorCorG,b-CorGorT,n-AorG@orT.

b Base pairs written in bold indicate they appearmimposition where the matrix exhibits a high cowmaton profile
(consensus index vector > 60).

c Base pairs in capital letters denote the core eserpi used by Matinspector (Genomatix Software) piadicting
TF-binding sites.

Using theDiAlign TF program (Genomatix Software), six phylogene&qences conserved
among rat, human, murine, and cow RK@romoter were identified. The nucleotide

distribution matrix information was obtained from MatBase program (Gemo®aftware).
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Supplemental Table 5: Sense sequences of the oligonucleotidesdiin EMSAS

Probe/Competitor Sense oligonucleotide (5’-3’)
PkaNFkB1 GTAGTTGGGGAAGCCIGCC (-20to -8)
PkaSNFkB1 mutant GTAGTTagclAAGCCCCGCC

PkaNFkB2 GCCAGTGGGGAGTCCGGGC (-51 to -39)
PKka&NFkB2 mutant GCCAGTagctAGTCCCGGGC

NFkB consensus AGTTGAGGGGACTTTCCAAGGC

AP-1 CGCTTGATGACTCASCCGGAA

Nucleotide sequences of the consensus binding motif are underlined. Tiralimres of the
PKCs NFxB sites, relative to the transcription start site, are shownatelitbase pairs in

mutant oligos are highlighted in bold and in lowercase.
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CHAPTER V: INCREASED EXPRESSION OF PRO-APOPTOTIC KINASE PKCéo
FOLLOWING EXPOSURE TO MANGANESE: IMPLICATIONS FOR

GENE-ENVIRONMENT INTERACTIONS IN NEURODEGENERATION

A paper submitted t&nvironmental Health Per spectives

Huajun Jin, Arthi Kanthasamy, Danhui Zhang, Vellareddy Anantharam, and Anumantha

Kanthasamy

Abstract

BACKGROUND/OBJECTIVES: Exposure to elevated levels of the essential trace element
manganese cause a neurodegenerative disorder, termed mangagssitingr from
degeneration of neurons within the basal ganglia. However, the premshanisms
underlying the known pathological effects of manganese remain eluSive.previous
studies have shown that proteolytic activation of BK& member of the novel PKC family,
plays a key role in manganese-induced neurodegeneration. \Wgesested in examining
whether manganese exposure can result in aberrant expressigiC&f which may exert
neurodegenerative effects through the consequent potentiation of the activatid®sof PK
METHODS: As a proof of concept, a mouse model of manganeseral gavage and
primary neurons culture, as well as cultured NIE-115 cells was utilizexiamine the effects

of manganese on PK@xpression.
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RESULTS: Manganese exposure potently induced BH&vels in primary striatal neurons
and NIE-115 cells. The use of primary neurons from mice lackingoPgibsequently
demonstrated that the level of P&Cplays a critical role in manganese-induced
neurodegeneration. Experiments on manganese-exposed mice alsmawrifie action of
manganese in upregulation of P&CUsing NIE-115 cells, we further elucidated the
mechanisms underlying the manganese-induced up-regulation af. RK€ identified that
NF«B is essential for both basal and manganese-mediated expres$i&iCoin NIE-115

cells.

CONCLUSIONS: These results demonstrate that the environmental neurotoxicant
manganese greatly alters the gene expression 0b PKKey oxidative-stress sensitive kinase

involved in multiple modes of neurodegeneration.

Introduction

Chronic exposure to elevated levels of manganese, an essacgahtetal required
for normal brain function, in human and non-human primates is long known to cause
manganism, a complex neurodegenerative disorder characterizganpyoms that broadly
resembles the dystonic movements associated with ParkinsorésaligeD) (Benedetto et
al., 2009). In addition to occupational and industrial settings, such as maetding, and
steel manufacturing (Keen et al., 2000), chronic liver diseaseparedteral nutrition are
also known risk factors for manganese intoxication (Hauser .et1894). Manganese
accumulates at the highest levels in the striatum, globuglyslland substantia nigra in

exposed humans and monkeys (Erikson et al., 2004). Pathological changeés mealronal
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loss and gliosis within the basal ganglia, principally in globakidus and less severe in
striatum and substantia nigra pars reticulata (Perl and Ol&@@Vv, Aschner et al., 2009a).
Current evidence indicates that manganese induces a varmsiubdr alterations, including
glutathione and dopamine depletion, impairment of iron metabolism andyenetgbolism,
and increased oxidative stress (Dobson et al., 2004; Olanow, 2004b). Vkile
understanding of the pathogenic mechanisms underlying manganese neitlyotemains
elusive, a growing number of studies have suggested that apoptodisdréom oxidative
stress and mitochondrial dysfunction plays a pivotal role in mangdoggity (Liu et al.,
2005; Benedetto et al., 2009), Therefore, identification of the maletargets mediating the
manganese-induced apoptotic process is essential in understandibrpithgathologies
associated with manganese.

Recently, we discovered that caspase-3-dependent proteolyticatiaot of
proapoptotic PK@ is a key mediator of manganese-induced neurodegeneration, and that
inhibition of PKG by employing pharmacological inhibitors or overexpression catallyt
inactive PKG mutant attenuated the manganese neurotoxicity (Anantharain 20@2;
Latchoumycandane et al., 2005). These results indicate thad P&ld represent a valid
pharmacological target for development of a neuroprotective stragggst manganese. In
the present study, we extend the previous observations by presentingvidence that
chronic manganese exposure markedly increases Rj¢BGe expression in the striatum of
animals, in primary striatal neuron cultures, and NIE-115 cdHsrthermore, we
demonstrated that the potentiation of RK&xpression is likely through an NB signaling
pathway. Our results provide a new link between the environmeniedtogin manganese

and PKG® gene, which plays a key role in manganese-induced neurodegeneration.
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Materials and Methods

Reagents

Manganese chloride (Mng4H,O) was obtained from Fluka (Milwaukee, WI).
Poly-D-lysine was purchased from Sigma-Aldrich (St. Louis, M&¢urobasal medium,
Neurobasal supplement (B27), Lipofectamine 2000 reagent, hygromycin B,illmgnic
streptomycin, fetal bovine serum, L-glutamine, and Dulbecco’s moddegle’s medium
were purchased from Invitrogen (Carlsbad, CA). Antibodies to RKREXBI, PKCL, p65,
and p50 were purchased from Santa Cruz Biotechnology (Santa Cruzth@Ajnouse
B-actin antibody were purchased from Sigma-Aldrich. IRDye800 corgdganti-rabbit
secondary antibody was obtained from Rockland Labs (Gilbertsville,. Pdgxa

680-conjugated anti-mouse secondary antibody was obtained from Invitrogen.

Animal experiments

Six- to eight-week-old C57B1/6 mice and P&K&nock-out mice were housed in a
temperature-controlled, 12:12 h light/dark room, and were allowed é@ss to food and
water. MnC}.4H,O was dissolved in sterile saline and administered to C57B1/6 byiee
single gavage at a dose of 3 or 10 mg of Mn/kg. An equal volume pé sa#is given to the
control animals. To achieve precise doses of manganese, the ashmariganese delivered
was adjusted for the molecular concentration in the tetrahytbate These doses were
selected based upon previous studies in both human and rodent exhibiting syroptom

manganese intoxication (Mergler et al., 1999; Li et al., 2006; Zhaalg, @009). Mice were
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sacrificed one month after the onset of manganese administratidrtha brain areas of
interest were immediately and carefully dissected out anddstir-80°C. The PK&™ mice
previously have been described (Zhang et al.,, 2007c). Animal caredpres strictly
followed the NIH Guide for the Care and Use of Laboratory Aniraats were approved by

the lowa State University IACUC.

Mouse striatal neurons in primary culture and treatment

Plates (6-well) were coated overnight with 0.1 mg/ml poly-Dnkys Striatal tissue
was dissected from gestational 16- to 18-day-old mice embryosiitartype (C57B1/6)
mice or PKG knock-out mice (Zhang et al., 2007c), and kept in ice-cofd-fiee Hanks's
balanced salt solution. Cells were then dissociated in Hank’shdemlasalt solution
containing trypsin-0.25% EDTA for 30 min at 37 °C. After enzyme inioibitvith 10%
heat-inactivated fetal bovine serum in Dulbecco’s modified Eaghe’dium, the cells were
suspended in Neurobasal medium supplemented with 2% Neurobasal supB2ign500
uM L-glutamine, 100 IU/ml penicillin, and 10@y/ml streptomycin, plated at 2 x ®€ells in
2 ml/well and incubated in a humidified @@cubator (5% C@and 37 °C). Half of the
culture medium was replaced every 2 days, and experiments were conductshi®&and 7
days cultures. After exposure to doses of Mm@hging from 50 to 15(0M for 24 or 48 h as

indicated in figures, the primary striatal cultures were collectethfer analysis.

Cell lines

Mouse neuroblastoma NIE-115 cell line was a kind gift from Dibddeoy Lahiri

(Indiana University School of Medicine, Indianapolis, IN). Mouse dopamia@iN9D cell
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line was a kind gift from Dr. Syed Ali (National Center fooxicological Research/FDA,
Jefferson, AR). Mouse neuroblastoma N2a and mouse BV2 microgllialimes were
obtained from the American Type Culture Collection (ATCC, Rockvill®). BV2, MNAD,
NIE-115 and N2a cells were grown in Dulbecco’s modified Eagteeslium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 50 units penicillin, andub@s

streptomycin.

Plasmid constructs
The PKG promoter/luciferase reporter construct pGL3-1448/+1 containing the

1.4-kb upstream region of the transcription start site of the mo#¥& R)yene was
constructed by PCR amplification using pGlow-RKGFP, obtained from Dr. Sanford
Sampson (Bar-llan University, Ramat-Gan, Israel), as a smpk well as the primer sets
P-1448/P+1 (see supplemental Table 1 for all primers sequencesylaidnsd into the
Xhol/Hindlll sites of pGL3-Basic luciferase reporter vecBromega, Madison, WI). Using
pGL3-1448/+1 as a template, a series of truncateddR@moter reporter constructs were
constructed by PCR with appropriate primers indicated in supplafieable 1 and cloned
into pGL3-Basic vector similar to the preparation of pGL3-1448/+1réfbrter constructs
were verified by DNA sequencing. Wild-type NB-p65 and NKkB-p50 expression
constructs and NB-p65 deletion construct p8%&, containing p65 amino acids 1 to 337,

were obtained from Dr. Vivek Rangnekar (University of Kentucky, Lexington, KY)
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Site-directed mutagenesis

Point mutations of potential transcription elements were introdutedhe proximal
PKCS promoter reporter plasmid pGL3-147/+1 by using the GeneTailta-Chiected
Mutagenesis System (Invitrogen) with overlapping PCR primmeligated in supplemental
Table 1, according to the manufacturer’s instructions. To generateedouithnts, plasmids
carrying a single mutation were used as a template to furttteduce the second mutation.

The mutated sequences of all mutants were confirmed by DNA sequencing.

Protein isolation and immunoblot analysis

Cell lysates or brain homogenates were prepared as previously deschibrd €Z al.
2007). Immunoblotting and densitometric analysis of immunoblots were pedoras
previously described (Kanthasamy et al. 2006). Briefly, the sampbataining equal
amounts of protein were fractionated through a 10% SDS-PAGE ansfdrred onto a
nitrocellulose membrane (Bio-Rad, Hercules, CA). Membranes \Wéted with the
appropriate primary antibody and developed with IRDye800 anti-rabbit lexaA
680-conjugated anti-mouse secondary antibodies (Invitrogen). The imignelsswere
visualized with an Odyssey Infrared Imaging System (Li-cancaln, NE), and the

guantitation of immunoblots was done using Odyssey Software 2.0 (Li-cor).

Sytox green cytotoxicity assays
Cell death was determined after exposing the primaryatnaurons to manganese
using the Sytox green cytotoxicity assay. Sytox green isah pibbe of low background

fluorescence that is excluded from cells with intact membranedalbeis nucleic acids in
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cells that have impaired membrane integrity or that have tgcétd to produce green
fluorescence (Roth et al., 1997; Sherer et al., 2002). The assped@sned as previously
described (Kaul et al., 2005b). In brief, the primary striag@rons were treated with
manganese (0-150M) and 1uM Sytox green fluorescent dye for 24 h. The cytotoxic cell
death was then quantified by measuring DNA-bound Sytox green usingynergy 2
Multi-Mode Microplate Reader (excitation 485 nm; emission 538 mBTek, Winooski,
VT). Fluorescent images of Sytox-positive cells were takerh wit NIKON TE2000

microscope, and pictures were captured with a SPOT digital camera.

Caspase-3 enzymatic assays

Caspases-3 activity was measured as previously described ¢Kall, 2005a).
Briefly, after treatment with manganese (0-1pM), cells lysates were prepared and
incubated with a specific fluorescent substrate, Ac-DEVD-AMC |{B1) at 37 °C for 1 h.
Caspases-3 activity was then measured using a SpectraMari G&nMicroplate Reader
(Molecular Devices, Sunnyvale, CA) with excitation at 380 nm andsam at 460 nm. The

caspase-3 activity was calculated as fluorescence units per anillgjrprotein.

Transient transfections and reporter gene assays

Transient transfections of NIE-115 cells were performedgukipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructiorits Were plated at 0.3 x
106 cells/well in six-well plates one day before transfectioachEtransfection was
performed with 4ug of reporter constructs along with Qu§ of B-galactosidase expression

vector pcDNA3.18gal (Invitrogen) used to monitor transfection efficiencies. Celse
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harvested at 24 h post-transfection, lysed in 208f Reporter Lysis Buffer (Promega), and
assayed for luciferase activity. For cotransfection assayg, 8f expression plasmids for
p65, p50 or p65 deletion as indicated in figures was added to theergpadmids. The total
amount of DNA was adjusted by adding empty vector pcDNA-3.1 (bgeh). In some
experiments, MnCl2 (30QuM) was added 12 h after DNA transfection, and luciferase
activity was measured at the indicated times.

Luciferase activity was measured on a Synergy 2 Multi-Moderdgiate Reader
(BioTek, Winooski, VT) using the Luciferase assay systeronfiega), ang-galactosidase
activity was detected using tlfieGalactosidase Enzyme assay system (Promega). The ratio
of luciferase activity top-galactosidase activity was used as a measure of normalized
luciferase activity. All values were determined from three pedelent transfection

experiments done in triplicate and expressed as average values + S.E.

Quantitative real-time RT-PCR and methylation specific PCR (MSP)

Total RNA was isolated from fresh cell pellets using theohliely RNA Miniprep
Kit (Stratagene, La Jolla, CA) according the manufacturersopotg. Aliquots of 3ug of
total RNA were used for first strand cDNA synthesis by rangommer and AffinityScript
Multiple Temperature Reverse Transcriptase in a p20reaction volume using an
AffinityScript QPCR cDNA Synthesis Kit (Stratagene). QuantfafRT-PCR was performed
in an Mx3000P QPCR System (Stratagene) using the Brilliant S®&B#n QPCR Master
Mix Kit (Stratagene), with cDNAs corresponding to 150 ng of totdlAR12.5 ul of 2 x
master mix, 0.37%l of reference dye, and 0@V of each primer in a 2p} final reaction

volume. All reactions were performed in triplicate. SequenceBHK@5 primers used in this
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study are shown in supplemental Tablefdactin was used as internal standard with the
primer set purchased from Qiagen (QuantiTect Primers,ogatalmber QT01136772). The
PCR Cycling conditions contained an initial denaturation at 95 °C for 10 min, folloyd b
cycles of denaturation at 95 °C for 30 sec, annealing at 60 °C fee@0and extension at
72°C for 30 sec. Fluorescence was detected during the annealing segehofcycle.
Dissociation curves were run to verify the singularity of the RE®luct. The data were
analyzed using the comparative threshold cycle (Ct) method (airdkSchmittgen, 2001) .
The PKG mRNA values were normalized to the amoungsctin internal control in each
sample and expressed as the fold of mMRNA levels of control samples (set to 1).

For MSP experiments, genomic DNA was isolated using the DN#asy & tissue
kit as mentioned earlier. Bisulfite modification was subsequeratyied out on 500 ng of
genomic DNA by the MethylDetector bisulfite modification kicive Motif, Carlsbad, CA)
according to the manufacturer’s instructions. Two pairs of prinverse designed to amplify
specifically methylated or unmethylated PK&equence using MethPrimer software (Li and
Dahiya, 2002). The cycling condition was: 94 °C for 3 min, after whichy8tes of 94 °C
for 30 sec, 54 °C for 30 sec, 68 °C for 30 sec, and finally 72 °C fom5P@GR products

were loaded onto 2% agarose gels for analysis.

Chromatin immunoprecipitation (ChIP)

The ChIP-IT Express enzymatic kit from Active Motif wasddo analyze the in
vivo binding of NB p65 subunit onto the mouse P&@romoter region. Unless otherwise
stated, all reagents, buffers and supplies were included in thehetChIP assays were

performed following the manufacture’s instructions with slight modiions. Briefly, ~1.5 x
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107 cells were fixed in 1% formaldehyde for 10 min at room temperatAfter
cross-linking, the nuclei were prepared and chromatin was enzydigéisted to 200-1500
bp fragments (verified through running on a 1% agarose gel) by inoabaith the
enzymatic shearing cocktail for 12 min at 37 °C. The shearemnetin was collected by
centrifuge, and a 10} aliquot was saved as an input sample. Aliquots ofl78heared
chromatin were incubated overnight with rotation at 4 °C with protemma@netic beads and
three ug indicated antibody. Equal aliquots of each chromatin sample vested sfor
no-antibody controls. After extensive washing, reversal of crog&s;liand proteinase K
digestion, the elute DNA in the immunoprecipitated samples wastlgtireollected on a
magnetic stand, and the input DNA was purified by phenol/chlorofortraction and
ethanol precipitation. The DNA samples were analyzed by P@I§ pamer pairs designed
to amplify a region (-103 to +60) within PK(xromoter. Conditions of linear amplification
were determined empirically for the primers. PCR conditioasaarfollows: 94 °C 3 min; 94
°C 20 sec, 58 °C 30 sec, and 72 °C 30 sec for 35 cycles. The PCR prodectssebred by

electrophoresis in a 1.0% agarose gel and visualized after ethidium bromide staining

Bioinformatics

CpG island identification was analyzed with the web-based gmodCpG Island
Searcher (Takai and Jones, 2002). This program defines a CpG slamdgon with a G+C
content> 50%, longer than 200 bp nucleotides, and an Observation/Expectation CpS ratio
0.6. The search for the phylogenetic sequence conservation between mdnarurane
PKCs promoter was conducted with the DiAlign professional TF Release (BiAlign TF)

(Morgenstern et al., 1996; Morgenstern et al., 1998) (Genomatix Softwarseich,
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Germany). This program identifies common transcription factwtibg site matches located
in aligned regions though a combination of alignment of input sequences ragitigle
alignment program DiAlign (Morgenstern et al., 1996; Morgenstermlet1998) with
recognition of potential transcriptional factor binding sites bytlMgector software
(Cartharius et al., 2005) (Genomatix Software), which employedaasitiibrary version 8.0.
The solution parameters for Matinspector program were: corgdasty of 0.75 and

optimized matrix similarity (default program’s settings).

Statistical analysis

Unless otherwise stated, all data were determined from thrdependent
experiments, each done in triplicate, and expressed as avatage ¥ SEM. All statistical
analyses were performed using the GraphPad Prism 4.0 softwaghfad Software, San
Diego, CA). One-way analysis of variance followed by the Tukeitiple comparison tests
was used for statistical comparisons, and differences were catssignificant ifP-values

<0.05.

Results

Manganese exposure induces PK&expressionin primary striatal neurons culture

We have previously described that RKfinctions as an oxidative-stress sensitive
kinase and its proteolytic activation plays a critical role anganese-induced dopaminergic
degeneration (Latchoumycandane et al., 2005). Given the importance &fifP K@dulating

manganese-induced apoptotic signaling events, we asked whetigamase nerurotoxicity
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involves up-regulation of PK&expression as a novel mechanism to promote apoptosis. This
possibility is favored by previous studies showing that BKRpression is specifically
induced in the perifocal cortex and striatum under certain pathobmgiditions, such as
brain ischemia (Koponen et al., 2000). Furthermore, several linesvidence linked
manganese-induced gene expression changes to manganese iotoXGatzalez et al.,
2008; Guilarte et al., 2008; Prabhakaran et al., 2009). To test this hgipothve first
examined the capacity of manganese to potentiate expression &fiRl@mary striatal cell
cultures. Because previous studies on monkeys showed that the len@agidnese in the
striatum and globus pallidus can reach to a higher value than 200wgMhose the
manganese concentrations up to 300 uM to examine its effect inrpstnatal neurons. As
shown in Figure 1, when the striatal culture was treatedingtieasing doses of manganese
for 24 h or 48 h, both total PKCand cleaved PK& abundance were time- and
dose-dependently increased. These results led us to further evahettger increasing
PKCS levels by manganese correlates with neurotoxicity. Accorgingle examined
neurotoxicity following manganese exposure in primary striatalrams from PKG
knock-out and wild-type mice. The extent of apoptosis in both primdtyres treated with
50 and 150 uM manganese for 24 h was measured by caspase-3 enagihaty (Figure
2A) and Sytox Green cytotoxicity (Figure 2B and 2C) analysisngénese induced a
dose-dependent increase in the caspase-3 activity and cytgtomigtriatal neurons from
PKC5"* mice, whereas primary striatal neurons from BKGnice showed a significant
reduction in the manganese-induced caspase-3 actpaf).q1l) and cell deathp€0.001).

These results clearly suggest that an increase irbR@ls is at least partly responsible for
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the enhanced susceptibility to manganese toxicity.

Treatment with manganese results in a marked induction of RCd protein and mRNA
in murine NIE-115 cells

Next, we investigated a potential role of manganese indREk@ression by utilizing a
cultured neuronal cell line (NIE-115) as an vitro model system. The murine
neuroblastoma-derived NIE-115 cells, which express a high level of emalegéyrosine
hydroxylase (Amano et al., 1972), have been well characterized asvaro model for
studying neurodegeneration (Ostlund et al., 2001; Benitez-King, &0413; Kranenburg et
al., 2005). PK@ expression at both protein and mRNA levels was determined hyg usi
real-time PCR and Western blot analyses, respectively, in1M¥E-cells exposed to
manganese. As shown in Figure 3A, exposure of NIE-115 cells toNQ@nCl, at varying
intervals revealed a time-dependent induction of Blgtbtein, which was readily apparent
at 6 h following addition of manganese and became maximal ~300%seccempared to
control at 24 h. At this time point, treated NIE-115 cells witheasing concentrations of
manganese also exhibited a dose-dependent induction af WklCoptimal response seen at
the concentration of 300 uM of manganese (Figure 3B). Esserdgaliyalent results were
obtained when the rat dopaminergic N27 cells were examined (data not shownynfanghe
similar to the protein levels, the steady-state levels PHKRNA was also enhanced after
incubation with manganese in a time- and dose-dependent fashion (Biguaed 3D).
Taken together, these results demonstrated that manganese treram@atically induces
PKCS expression in NIE-115 cells, and suggested that NIE-115 cells tamaofelevant

model system to analyze the regulation of BK&pression by manganese.
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A 148-bp proximal fragment of the mouse PK®@ promoter is essential for basal PK@
expression in NIE-115 cells

The aforementioned direct induction of PKERNA by manganese suggested that
the effect of manganese was exerted at the transcriptievell The mouse PK& gene
comprises 18 exons, and its genomic structure has been described éut2@03). Like
other mammalian protein kinase genes, B@moter lacks a TATA box. Further, it does
not contain the so-called initiator element or the downstream peoretdment, which are
located at various distances downstream of the transcriptiorsg&a(TSS) and utilized by
most TATA-less promoters to initiated transcription. To date, nmeshes responsible for
transcriptional regulation of PK3; especially in neuronal cells, are largely unknown. Thus,
as a first step towards studying the mechanisms of masg@méuced activation of PKC
transcription, we analyzed PKCQoromoter activity. For this purpose, a reporter construct
containing a 1.4 kb fragment upstream of TSS of the mouses Ri€Ge fused to the
luciferase gene, pGL3-1448/+1, was transfected into murine neumhiad\IE-115 and
N-2a, or murine dopaminergic MNOD cells, which express endogeno@s. RKiciferase
activity of this construct increased nearly 700% when compared witl3-Basic control,
suggesting that this 1.4-kb sequence possesses functional promiwtgr iactll three cell
lines (Figure 4). To further delineate the region contributing t&€dPgromoter activity, a
series of deletion constructs were generated and tested dior réthative transcriptional
activity in transient transfection studies. As shown in Figure 4¢cdmstruct pGL3-147/+1

displayed maximal luciferase activity in all cells. In costrahe promoter activity was
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almost abolished to the level of pGL3-Basic control, when the seqfrentel47 to +1 was
deleted within the constructs: pGL3-1448/-201, pGL3-1448/-1196, and pGL3-761/-147.
Thus, these data suggested that this region between -147 to +1 camasejience of
nucleotides necessary for basal transcription of mouse>Rj€@e in neuronal cells. Notably,
although all three cell lines demonstrated similar profilds@ferase expression, there were
several major differences. For example, the promoter regions -1848&nd -761/-147
appear to possess cell-specific repressive elements thaivaBgetgulated transcriptional
activity in N2-a and MN9D cells, as the addition of them into the iprakpGL3-147/+1
construct caused a significant reduction in luciferase activibyvéer, no such effect was

observed in NIE-115 cells.

The 148-bp proximal fragment of the mouse PK@ promoter confers responsiveness to
manganese treatment in NIE-115 cells
Having determined that the region between -147 to +1 is requircoafal PKG

promoter expression, we next investigated whether this region tedtliee enhancing effect
of manganese on PKC expression. NIE-115 cells were transigatisfected with the
pGL3-147/+1 or the full-length promoter reporter constructs, and lasdenctivity was
assayed after incubation with 300 uM manganese for differenvatdeAs shown in Figure
5A, we observed that manganese promoted a time-dependent activatton fafl-length
(-1448/+1) promoter activity, with maximal activation seen at 1@llbwing addition of the
drug, ~230% increase over control. Importantly, the proximal -147/ethqter sequence

exhibited a similar time-dependent response to manganese, albedigintly lesser extent
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(Figure 5B). Collectively, these data revealed that themnelgpcated between -147 and +1

plays a major role for mediating responsiveness to manganese.

Functional characterization of the 148-bp PK@ proximal promoter

We further concentrated our following studies on the -147/+1 fragthahiediated
the induction by manganese. A comparison of this region with thespannding region from
human PK@ genes using a DiAlign professional program (Cartharius..e2@D5) revealed
that this region is highly conserved between the two specigsir@~i 6A). Subsequent
analysis of this region with the program Matlinspector reveiflegresence of a number of
potentially important transcription factor-binding sites (TFBS)ohhare conserved between
species, suggesting that they may function biologically in thalaggn of PKG gene
expression. Figure 6A depicted the potential regulatory elementhdkatbeen identified
through the computerized analysis. Because prior studies from ushand bave reported
that NFB positively regulate PKEexpression (Suh et al., 2003), we thought to examine the
functions of those two proximal MB sites in more detail. Using site-directed mutagenesis,
we prepared either single or double mutation okBIBites within the context of basal PEC
reporter construct pGL3-147/+1. Transient transfections of NIE-119viM@D cells were
carried out with each of these mutant promoter constructs, and dheoter activity of
mutated constructs was determined and expressed relative td wikt-type pGL3-147/+1.
As shown in Figure 6B, single mutation of the downstre&site B1, centered at bp -14)
dramatically reduced the promoter activity to the levels presepGL3-Basic groups. In

striking contrast, there was no significant reduction in the prametévity when the
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upstreankB site B2, centered at bp -44) was mutated, and indeed this even caused a slight
increase in the luciferase activity in MN9D cells. When botlesswere mutated, the
promoter activity was completely abolished. These results siegigttsat these two binding

sites for NkkB were functionally different: the sitel appears to be exhgnmportant for

basal PK@ expression in these cells; however, the site2 appears to be unimportant.

To further determine the potential regulatory role ofxRFor PKGCS in neuronal
cells, Wild-type NkB-p65 and NkB-p50 expression constructs and ¥8Fp65 deletion
construct p6AC, containing p65 amino acids 1 to 337, were employed to study the @ffect
overexpressing NEB on the regulation of the PKCpromoter activity in NIE-115 and
MNOD cells. As shown in Figure 6C, when cells were cotransfegiétdeither p65 or p50
expression vector, luciferase activities were significantigraased, with the extent of
transactivation in MN9D cells being more potent than that in Nlk-cells for each
expression vector (3.2- and 2.8-fold stimulation in MN9D cells, and dnd 1.5-fold
stimulation in NIE-115 cells for p65 and p50, respectively). By contcadtansfection of
mutant form of p65 had no discernable effect on the luciferase patmibpared to empty
vector control, suggesting that transactivation of BK@ p65 overexpressing is a specific
event. Together, these results suggested that both p65 and p50 are alolentty
transactivate the PK&promoter in neuronal cells. Overexpression of theseB\ffoteins in
transfected celle/as verified by Western blot analysis (data not shown).

In addition to NkB binding sites, we also examined the function of other potential
binding sites within the 148-bp basal PK@romoter region using site-directed mutagenesis

analysis. Each mutation PK(Qromoter construct was transiently transfected into NIE-115
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cells. As shown in Figure 7, our results showed that mutations bfrtlimg sites for PAX9,
KLF3, AP4, KLF12, or Sp2 had no or slight alteration in promoter acti@typrisingly,
when the binding site for NERFla (-99 to -79) was mutated, the promadigity was
completely abolished, as seen for doublecBIBite mutations, suggesting that this site is also
essential. In addition, a binding site for PU.1 located at (-141 to d@dgars to have a
negative role in control of PK&E promoter activity as mutation of this site caused a

significant induction in the luciferase activity.

Induction of PKC & expression by manganese depends on &&-signaling pathways

Recent evidence has suggested a close relationship between mangadese
redox-sensitive molecules, including activation protein 1 ancBNFLiu et al., 2005;
Moreno et al., 2008). Based on this understanding and our observation thaPK&sal
promoter activity is regulated by NB, we reasoned that MB may play a role in the
manganese up-regulation of P&K@ene transcription. To test this hypothesis, transient
transfections of NIE-115 cells were performed with the wyjoket or NkB-site-mutated
reporter constructs. Luciferase activity was assayediaftebation with 300 uM manganese
for 12 h. Again, as shown in Figure 8A, manganese treatment watoahltuce a ~230%
increase in the promoter activity of the wild-type construct $G&47/+1. However, when
the reporter containing the mutation of ®B-site 1 was transiently transfected into NIE-115
cells, both basal and manganese-stimulated dPKfomoter activities were completely
abolished, suggesting that this ®B- site is critical for manganese-mediated activation of

PKCS promoter. To further elucidate whether manganese increases eprebPKGS
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through activation of NEB signaling, we carried out a ChIP assay to examineftbet ef
manganese on the interactions ofdBFp65 proteins with PK& promoter'skB elementin
vivo. After crosslinking, nuclei were isolated and subjected to enayrdaestion. The
sheared chromatin was immunoprecipitated without or with antibodgsigdicB-p65. The
ChIP DNA was then served as a template to amplify eitheregb®n of bp -122 to +38
spanning these twoB sites at PKG@ promoter (Figure 8B, lane 1-9) or the region of bp -37
to +99 spanning the downstreakB site alone (Figure 8B, lane 10-18). The results
demonstrated that exposure to manganese significantly recemitedienous p65 binding to
PKC3 promoter in a time-dependent manner. No detectable signal wasvezbse the
absence of antibody in the immunoprecipitation process. Taken tggétlese results
suggested that manganese can interact witkBNBignaling pathways to induce PBC

expression.

Manganese-dependent expression of PKC isoforms in the mice brain

Finally, we wanted to test whether manganese exposure also iralexated PKG
levels in intact mice. For this purpose, we quantified the proteiR¥K@Gr isoforms ¢, Bl, 9,
¢, ande) in brain striatal tissue from manganese-exposed and contel fihe striatum was
chosen because it is one of the brain regions primarily vulneralpfamganese in human
studies on manganese intoxication. C57B1/6 mice were chronically exfmosarious doses
of MnCl, for 4 weeks by intragastric gavage, a route mimicking one of thst frequent
sources of manganese exposure in humans, and striatal tissues were subjecsteltoble

using specific anti-PKC isozyme antibodies. As shown in Figure @&, teeatment with
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manganese markedly induced the protein level of native SPKCthe striatum in a
dose-dependent manner. Quantification of the immunoblotting signalsréFdB) showed
that high dose of manganese (10 mg/kg) yielded a ~480% increasative PK®
abundance when compared to the control animals. Furthermore, the leleglvad PKG, a
catalytically active fragment resulting from proteolytic astage, was also significantly
enhanced by manganese, with the maximum effect (~220% induatibigved at 10 mg/kg
manganese (Figure 9B). In the olfactory bulb region, which is known to thaviargest
accumulation of manganese in the brain following inhalation mangaergosure, no
significant changes were found in the levels of either nativecavetl PKG after treatment
with manganese at any dose (Figure 9C). The mechanism behimdféloisis unclear, but it
may be related to the regional and cellular specificity ofgaaism pathology (HaMai and
Bondy, 2004; Roth, 2009). A similar trend for increased &Igétein following manganese
exposure was also observed, whereas the extent of up-regulationushdass than that
observed for PKG& Striatal PKC protein levels were up-regulated only marginally by
manganese. PKIT showed no measurable change. Interestingly, in contrast to the tw
up-regulation species: PKCGand PK®, manganese exposure potently caused a reduction of
PKCe. Maximal reduction (>50%) was achieved at 10 mg/kg manganegeré¢FoB). It
should be noted that, unlike PRCPKCe is widely regarded as exhibiting anti-apoptotic
properties. Overall, these data demonstrated that striatal pi®teis of PKC isozymes are
differentially regulated by manganese, and specifically, #KE the most strongly
up-regulated PKC isoform in response to manganese exposure, vamdbrced our

hypothesis that up-regulation of PEB@xpression contributes to the manganese-induced
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neurotoxicity.

Discussion

In the present study, we demonstrated for the first time tK&SRexpression is
highly induced upon exposure to manganese in imottvo andin vitro studies. Importantly,
resistance to manganese toxicity is associated with thes le@KG, as primary neurons
from PKGS” mice showed a reduced cell death following manganese treatorapared to
primary neurons from PKE'™ mice, suggesting that the increased BKE&els might be
responsible, at least in part, for the manganese-induced neuroeakedsdmn. These data
expand our earlier reports that manganese-induced proteolytictiactioh PKG is a key
mediator in manganese neurotoxicity. Furthermore, studies usinglMiEcell cultures
indicated that the induction of PKCby manganese is likely mediated through an
NF«B-dependent mechanism.

Interestingly, a differential regulation profile of PKC isohs in response to
manganese was revealed in striatum of manganese-exposed animéte five PKC
subspecies examined, PBGvas the most highly up-regulated isoform, implying an
involvement of PKG up-regulation in the manganese-associated neurotoxicity. The
increased PKE& occurs selectively in the striatum as we could not detectlagyges in the
olfactory bulb, correlating with the regional and cellular speitjfiof manganism pathology
(HaMai and Bondy, 2004; Roth, 2009). Furthermore, consistent with our preeibssed
reports, manganese exposure also yielded a marked increasdewvethef activated PK&

which is at least partly a consequence of BK@-regulation.In addition, we observed a
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moderate up-regulation of PKCas well as a significant down-regulation of RiK@hereas
expression of PK@ and PKE was not, or only marginally, affected (Figure 9). The PKC
signaling pathway has been described to be causally involved inuhenakcell death and
survival. Moreover, individual PKC isozymes exert different and somest opposing roles

in modulating these processes (Gutcher et al., 2003). For examplé, &8 CPKG have
been widely regarded as pro-apoptotic and anti-apoptotic molecegpegctively. Our PKE

and PKG data therefore fit with the known roles of these isoforms Ihstevival. For
PKCa, on the other hand, the majority of published studies support the idélaigHahase is

a positive regulator of cell survival (Gutcher et al., 2003). Howsdtaere is also literature
indicating that PK@ could possibly act as a pro-apoptotic kinase (Nowak, 2002). Our data
about up-regulation of PK&Csuggests a potential role of this kinase in the molecular events
associated with manganese. Nevertheless, further studiese@ded to clarify the role of
PKCa/PKCe signaling pathways in the pathological action of manganese. Iniceddit
abnormalities of PKC activity and translocation, accruing evidesuggests that aberrant
expressions of certain PKC isozymes are associated with patholageurodegenerative
diseases. For example, decreased RK@&xpression was found in human HD brains
(Hashimoto et al., 1992). In a transgenic mice model, loss ofyP&pression was
associated with the neurombisfunction in spinocerebellar ataxia type 1 (Skinner et al.,
2001). Alterations in PKC levels were also observed in autopsied BramsAD patients
(Cole et al., 1988). In the present study, we add to the prior bddywofledge by reporting

for the first time on PKC abnormalities in a model of mangae&pesed mice. Of note, the
increasing levels of PK&proteins are common effects of manganese in primary neurons,

NIE-115 cells, and brains.
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PKGS plays a pivotal role in apoptosis in many cell types, andxjpsession must
therefore be tightly regulated. Although it has been reported th@s B&uld be regulated in
a number of cell models through either a gnomic or non-genomic methahite
information is available on the mechanisms that control PK&pression at the
transcriptional level, especially in neurons. To our knowledge, femystudies reported the
functional elements in the mouse, rat, and human®pGmoter, or the characteristics of
the factors involved in the control of PE@anscription. Therefore, to further investigate the
molecular basis of manganese-induced BKgene transcription, we first addressed the
regulatory cis-acting elements and candidate factors involved in the basal R}€Ge
transcription in neuronal cells. By using deletion studies, weifoiht specific proximal
PKCS promoter region present at -147 to +1 that significantly dauts to the basal PKC
expression in NIE-115, MN9D cells, and N-2a cells. Bioinformaticysimmrevealed that this
region is highly complex and contains multiple potential TFBS. Thedede two proximal
kB sites located in close proximity, which provides easy acmdsavailability for NkB to
transactivate PKE&gene. Interestingly, using a site-specific mutagenesiy,saudiverse role
for these twokB elements was revealed with only the downstream site ightds
biologically functional. The mechanisms behind the differential efege unclear, but
sequence and position-specificity might be important. A recent steohonstrated that the
functional necessity of the NB site could be related to its sequence specificity, asasgell
its relative position on the promoter (Wang et al., 2005b). Our cot#retiesi studies using
NF«B expression vectors indicated thatdiproteins act as transactivators of RK@ene.

This finding is not surprising because previous studies by our labpranhd others have
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established a crucial role of NB in PKC3 gene expression (Suh et al., 2008)addition to

the NFB sites, two potential sites for NERF1a and PU.1, which posjtiaetl negatively
regulate basal PK&promoter activity, respectively, were also localized byrthg#agenesis
analysis. Experiments are in progress to identify the candidetier$ that physically interact
with these sites, as well as the potential involvement of theseelaments in
manganese-mediated PBCgene activation. It also should be noted that epigenetic
mechanisms such as DNA methylation may play a role in thganase induction of PK
since we have shown that the proximal RK@omoter region just downstream of TSS is
highly methylated (Supplemental Figure 1).

NF«B, a ubiquitously expressed transcription factors in mammaliag, ¢eds been
implicated in various physiological processes in nerve systewariaty of stimuli has been
shown to activate NEB in the CNS, such as viral infection and oxidative stress (Medfed
Baltimore, 2005). As a redox-sensitive transcription factor, growing evidescaiggested a
role of NFB in manganese-related toxicity (Liu et al., 2005; Moreno et2808). In the
present study, we demonstrated thakRFs likely to be the major, if not only, contributing
factor responsible for manganese-stimulated Ple@vation, at leadn vitro. The role of
NF«B in manganese-stimulated upregulation of BK@ vivo, however, remains to be
determined. Loss of NdB transactivation through mutation of tkB binding site resulted in
complete ablation of PK&promoter activation in response to manganese. Furthermore, as
shown in ChIP assays, manganese caused an increased recroittNErRB to the PKG
promoter in our cell culture model. These data suggest thaB MFa key transcription factor

that regulates PK&upregulation in manganese-treated cells.
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In summary, our data suggest that manganese exposure ppsitipacts the PKE
gene expression in both vivo andin vitro. These findings provide further insights into the

mechanisms of manganese neurotoxicity.
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Figure 1: Manganese exposure increases PICprotein levels in primary striatal

neurons culture.
After incubation with varying doses of manganese for increasiegvals as indicated, the
primary striatal neurons were collected, lysed and subjected sieWNeblot analysis of

PKC3. A representative immunoblot is shown.
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Figure 2: PKC&-deficient primary striatal neurons show resistance to mangagse
toxicity in culture

PKC3"* and PKG” primary striatal neurons were treated with varying dosesasfganese
for 24 h and assayed for caspase-3 activly dnd cell deathBR, C). Cell death was
measured using the Sytox Green cytotoxicity assay as loedaén “Materials and Methods”.
The caspase-3 activities or cytotoxicities were determinedeaptessed as a percentage
induction relative to unstipulated controls. The results represent ¢a@ t|a SEM of two
independent experiments performed in pentaplic&k. Representative phase contrast and

Sytox green staining images.
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Figure 3. Treatment with manganese inducedPKC3 protein and mRNA in murine
NIE-115 cells

(A, B) Representative immunoblots of P&@ NIE-115 cells after treatment with 300 uM
manganese for varying intervals as indicat®y ¢r with increasing doses of manganese for
24 h B). Quantitation data of PK&levels are shown on the right. The results are normalized
to B-actin and expressed as a percentage of the control cellssibatn represent as mean *
SEM of three independent experiments<®.05; and *<0.01, compared with control)C(

D) Real-time gRT-PCR analysis demonstrates that the inductidPK@b mRNA after
manganese treatment in a tin@®-( and dosel})-dependent fashion. For the time-response,
NIE-115 cells were incubated with 300 UM manganese. For the dassecstudies, cells
were treated with manganese for 12 h. Results were analyagbsasbed under Materials
and Methods. Data shown represent mean * SEM of three independentmexperi

performed in triplicate (<0.05; **p<0.01; and ***p<0.001, compared with control).
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Figure 4: Deletion analysis of PKG promoter activity in NIE-115, N2-a, and MN9D
cells

An extensive series of PKQoromoter deletion derivatives was generated by PCR methods
and inserted into the pGL3-Basic luciferase vector. Each construct wsairidy transfected
into NIE-115 plack bar), N2-a ppen bar), and MN9D blue bar) cells. Cells were harvested
24 h after transfection and luciferase activities were detexini The plasmid
pcDNA3.1f$gal was included in each transfection to correct the differeinceansfection
efficiencies. The activity of full-length promoter construct (3=1448/+1) was arbitrarily
set to 100, and the relative luciferase activity of the other warist was calculated
accordingly. The results represent the mean + SEM of thmdepéndent experiments
performed in triplicate. Schematic representationP&fC5 promoter deletion/luciferase
reporter constructs is shown on the left. The 5’ and 3’ positions @iingructs with respect

to the transcription start site are depicted.
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Figure 5. A sequence located between -147 and +1 confers responsivetessanganese
treatment in NIE-115 cells

NIE-115 cells transiently transfected with P&K@romoter constructs pGL3-1448/+A) (or
pGL3-147/+1 B) were incubated with or without 300 M manganese for increasiagyals

as indicated. The plasmid pcDNA3f@al was included in each transfection to correct the
differences in transfection efficiencies. Luciferasevitods were determined and expressed
as a percentage induction relative to unstipulated controls. Thksrespresent the mean +
SEM of three independent experiments performed in triplicgie((05; and **1p<0.001,

compared with untreated cells).
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Figure 6: Functional analysis of the 147-bp PK@& proximal promoter

(A) Sequence comparison of the mouse B@moter region between -147 to +1 with the
corresponding regions of the human RKgene. Sequence differences are indicated and gaps
introduced to maximize homology are marked dgshes. Phylogenetically conserved
transcriptional factor-binding sites as well as the potential hindites present only in the
mouse PKG@ promoter are indicatedoerlined). (B) The wild-type or mutated reporter
constructs containing targeted substitutions in thecBNBinding sites were individually
transfected into NIE-115 and MN9D cells, and luciferase actvitiere assayed after 24 h.
To adjust for transfection efficiency, the plasmid pcDNABg&l was included in each
transfection. The activity of wild-type construct (pGL3-147/+1) adstrarily set to 100,
and promoter activity of the mutants is expressed as a percerftdgewild-type construct.
The results represent the mean + SEM of three independent re@ptsi performed in
triplicate. Schematic representation of the wild-type or mdtB#CS5 promoter constructs is
shown on the left. The potential transcriptional factor-binding siesnaicated at théop.
The mutated site is marked wixh(red). The sequences of wild-type and mutatedkBIBite
are shown below the bar graph. The substituted nucleotides are shbaid.i(C) NIE-115
and MN9D cells were cotransfected with the construct pGL3-147/+1 &ndy of
pcDNA-p65, pcDNA-p65-mutant, pcDNA-p50 or empty vector (EV) pcDNA3cilerase
activities were assayed after 24 h. The plasmid pcDNA&4l-was included in each
transfection to adjust for transfection efficiency. The agtivtihat obtained following
cotransfection of the construct pGL3-147/+1 with empty vector (E\§ avhitrarily set to

100, and all other data are expressed as a percentage there@sUltseerepresent the mean
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+ SEM of three independent experiments performed in triplicafe<(*01; and ***%<0.001,

compared with EV-transfected cells).
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Figure 7: Mutational screening of the putative TFBS in thel47-bp PKCS proximal
promoter in NIE-115 cells

The wild-type or mutated reporter constructs containing targaibdtitutions in the other
potential transcription factor-binding sites were individually tracisfd into NIE-115 cells,
and luciferase activities were assayed after 24 h. To adjustaihsfection efficiency, the
plasmid pcDNA3.18gal was included in each transfection. The activity of wildetyp
construct (pGL3-147/+1) was arbitrarily set to 100, and promotesitgoof the mutants is
expressed as a percentage of the wild-type construct. Thesnequiésent the mean £+ SEM
of three independent experiments performed in triplicate. Schenegtiesentation of the
promoter constructs is shown on the left. The potential transcripfactar-binding sites are
indicated at théop. The mutated site is marked with(red). The sequences of wild-type and

mutated sites are shown below the bar graph. The substituted nucleotides are $iwdevn in
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Figure 8: Induction of PKC8 expression by manganese depends on RE-transcription
factors

(A) NIE-115 cells transiently transfected with P&@romoter construct pGL3-147/+1
wild-type or NKB site 1mutant of were incubated with or without 300 UM manganese for
12 h. The plasmid pcDNA3.fgal was included in each transfection to correct the
differences in transfection efficiencies. Luciferase adtisitwere then determined and
expressed as a percentage of the unstipulated controls. The egm@tent the mean + SEM
of three independent experiments performed in triplicate pg€001, compared with
untreated cells).B) Assessment of N&B-p65 binding on the PK& promoter by ChIP
assays. NIE-115 cells were treated with or without 300 UM masgafe increasing
intervals as indicated. Crosslinked chromatin was prepared andedhkg enzymatic
digestion. The protein/DNA complex was incubated with or without antibddy Ab)
against p65 for ChIP analysis, and PCR was performed to ampliBg Promoter region
-122 to +38 l@ne 1-9) or -37 to +99l&ne 10-18), relative to the transcription start site. The

ChIP result is representative of two separate experiments withrsigslats.
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Figure 9: Effects ofin vivo chronic manganese exposure on PK&protein level

C57 black mice were administered with 3 mg/kg Mn, 10 mg/kg Mmarcaiivalent volume
of saline (Vehicle) via oral gavage for 4 weeks. Striatum and olfactorytisalies from each
mouse were harvested and prepared for immunoblot analy#¢s.Répresentative
immunoblots of selected PKC isozymésft(panel: PKG3, a, g, andl; right panel: PKCBI)
in striatum homogenatesB)( Quantitation data. The results are normalize@-txtin and
expressed as a percentage of the Vehicle. All data in B repeesenean £ SEM from six to
eight mice per group (<0.01; and **p<0.001, compared with Vehicle).CY

Representative immunoblots of PE@ the olfactory bulb homogenates.
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BV2 | MN9D | NIE-115 | N2-a
Mo ulwm ulm ul M U Marker 300bp

200bp

Supplemental Figure 1: MSP analysis of methylation status in PK&promoter

Bisulfite-modified DNA from the indicated cell line was used K4SP with primers specific

for methylated (M) and unmethylated (U) DNA.
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CHAPTER VI: GENERAL CONCLUSIONS

The chapters from Il to V each shed new light on the fundtiaspects of the
regulation of PK@ signal transduction in both physiological and pathological conditions.
Chapter Il characterizes essenti@elements and transcriptional regulators that functionally
interact with these sites in the promoter and 5’'UTR region of enB#S gene. Chapter |l
demonstrates that histone acetylation-mediated changes in cir@tmatture are involved
in the induction of the PK&gene. Chapter IV reveals a functional interaction betweersPKC
and the PD-related proteia-synuclein. Chapter V reports an induction of RBK@ene
expression in response to the parkinsonian toxin manganese. The owadilisions and

future perspectives will be discussed in the following sections:

Transcriptional regulation of PKC & gene expression in neuronal cells involves multiple
positive and negativecis-elements in the promoter and 5’UTR region

The modulation of PKE signal transduction is of particular interest because of its
importance in central nervous systems, in both physiological and pgitedl conditions.
Alterations in PKG@ expression could represent an important step in ultimatelyodiamgr
the PKG signaling pathway. In the present investigation we studied hk®@oPgene
expression is regulated in neuronal cells. We have identified dhsaPK@ basal promoter
region and characterized a role for two dBFand one NERF l1la binding sites in the
regulation of PKG basal transcription. Furthermore, multiple Sp binding sites in the
downstream PKE& promoter segment reside in the 5 UTR region and are edsential

cis-elements controlling PK& expression. Subsequent analysis revealed that only the
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proximal NFRB site is functionally active in NIE115 and MN9D cells. The ogafor this
functional difference between these twB sites is unknown, but it might be due to a
sequence-dependent or position-dependent effect. Further analgsisdisd to elucidate if
this is also the case in other cell modelsrovivo. NF«B is a key mediator of a variety of
cellular processes. It has long been thought, for example, theattaet of NFB signaling is
part of the cellular stress response (see reviews, Mercuridanding, 1999; Meffert and
Baltimore, 2005). Thus, beside being indispensable for the basal BXfession, th&B
element may confer oxidative-stress inducibility to the BKfomoter, resulting in an
increased production of PK(rotein and subsequent aberrant activation of &#&ignaling.
The binding of Sp and NdB factors to their respective sites has been demonstratetiBy C
and EMSA assays. In the basal state, binding of these proteins KCa [romoter
potentially facilitates basal expression of RKThe constitutive activation of MB in the
nucleus of N27 cells is further indicative of &8 participation in the regulation of PKC
transcription. Once bound, both the DNA/Sp and DNA{RIFcomplexes may recruit
transcriptional co-activator or co-repressor complexes torgenedditional chromatin
structural changes. Such factors may include CBP/p300 and HBAQyfproteins. At the
present time, it is not clear whether there is any systrgaction between the Sp family
factors and NkB during the process of modulation of P&K@ansactivation, but it is
conceivable that these proteins can communicate directly orgthrather interactions with
bridging proteins. In addition to those proximal and downstream regulatorgrgiernwve also
delineated an upstream negative/anti-negative cassette, which cantedppmsitribute to
regulating PKG@ transactivation. However, the precise mechanism underlying dbgons

and the candidate factors binding to these elements remain to be defined.
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An intriguing aspect of PK& gene expression is the involvement of epigenetic
mechanisms. Our data revealed that the #K8n-coding exonl region is differentially
methylated: it was hypermethylated in modest B¥&pressing cell lines, including NIE115,
MNOD and NZ2a cells, whereas little or no methylation was eksein the high expressing
N27 cells, implicating DNA methylation as a potential mechanigesponsible for
cell-specific expression of PKCUsing an epigenetic approach with HDAC inhibition, we
further delineated that histone acetylation leads to enhanced RK@Qression, which
requires Sp protein activity. DNA methylation and histone dagby oppositely correlate
with gene expression. Thus, it will be interesting to determtieefinctional relevance of

these epigenetic PKK3yene modifications to PD-like neurodegeneration.

Differential regulation of PKCoé gene by manganese and the PD-related gene
a-synuclein
In the present study we also investigated the effect of thanpanian toxicant
manganese and the PD-associated gesyuclein on the expression of the RK@ene. Our
in vitro andin vivo data clearly demonstrated divergent roles for manganese syrdiclein
in modulating PK@ signaling. These findings extend the key role for BKk@hase signal
transduction in parkinsonian neurodegeneration. The mechanism by wisighuclein
down-regulates the PKgene appears to be quite complex, partially involving modulation
of p300 and NKB signaling. The precise mechanism, however, remains to be identified.
In summary, we elucidated the regulatory mechanism of PK@nscription in
neurons. We also characterized the possible regulation 0é BiKt@nvironmental or genetic

factors that are involved in PD pathology. The integrated mechasfigire regulation of
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PKC5 expression in neuronal cells and the crosstalk betweerd RK@ression and genetic

risk factors, as well as environmental risk factors, are outlined in theeFigu
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Figure 11. Integrated mechanisms of the regulationf PKC8 expression in neuronal cells, and the crosstalk heeen PKC3 expression

and genetic risk factors, as well as environmentaisk factors.
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