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�-Synuclein Negatively Regulates Protein Kinase C�
Expression to Suppress Apoptosis in Dopaminergic Neurons
by Reducing p300 Histone Acetyltransferase Activity
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We recently demonstrated that protein kinase C� (PKC�), an important member of the novel PKC family, is a key oxidative stress-
sensitive kinase that can be activated by caspase-3-dependent proteolytic cleavage to induce dopaminergic neuronal cell death. We now
report a novel association between �-synuclein (�syn), a protein associated with the pathogenesis of Parkinson’s disease, and PKC�, in
which �syn negatively modulates the p300- and nuclear factor-�B (NF�B)-dependent transactivation to downregulate proapoptotic
kinase PKC� expression and thereby protects against apoptosis in dopaminergic neuronal cells. Stable expression of human wild-type
�syn at physiological levels in dopaminergic neuronal cells resulted in an isoform-dependent transcriptional suppression of PKC�
expression without changes in the stability of mRNA and protein or DNA methylation. The reduction in PKC� transcription was medi-
ated, in part, through the suppression of constitutive NF�B activity targeted at two proximal PKC� promoter �B sites. This occurred
independently of NF�B/I�B� (inhibitor of �B�) nuclear translocation but was associated with decreased NF�B-p65 acetylation. Also,
�syn reduced p300 levels and its HAT (histone acetyltransferase) activity, thereby contributing to diminished PKC� transactivation.
Importantly, reduced PKC� and p300 expression also were observed within nigral dopaminergic neurons in �syn-transgenic mice. These
findings expand the role of �syn in neuroprotection by modulating the expression of the key proapoptotic kinase PKC� in dopaminergic
neurons.

Introduction
Environmental neurotoxic insults and genetic defects in certain
genes have been implicated in the etiology of Parkinson’s disease
(PD) (Dauer and Przedborski, 2003; Hatcher et al., 2008). Oxi-
dative stress serves as a central mediator of degenerative processes
in PD (Greenamyre and Hastings, 2004; Burke, 2008; Zhou et al.,
2008); however, the key cell signaling mechanisms underlying
oxidative damage to nigral dopaminergic neurons are not en-
tirely clear. Our laboratory has been studying protein kinase C�
(PKC�)-mediated cell death signaling in the oxidative damage of
dopaminergic neurons. PKC�, a novel PKC isoform, has been
recognized as a key proapoptotic effector in various cell types
(Brodie and Blumberg, 2003; Kanthasamy et al., 2003). The role
of PKC� in nervous system function is beginning to emerge, and
we demonstrated that PKC� is an oxidative stress-sensitive kinase
that is persistently activated by caspase-3-dependent proteolytic
cleavage to mediate dopaminergic neurodegeneration in cellular

models of PD (Anantharam et al., 2002; Kanthasamy et al., 2003;
Kaul et al., 2003). We showed that cytochrome c release and
caspase-9 and caspase-3 activation serve as upstream events of
the PKC�-mediated cell pathway during mitochondrial impair-
ment [e.g., 1-methyl-4-phenylpyridinium (MPP�)] in dopami-
nergic neuronal cells (Kaul et al., 2003). Importantly, depletion of
PKC� by small interfering RNA (siRNA) or blockage of PKC� acti-
vation by overexpression of a PKC� kinase dominant-negative mu-
tant or caspase cleavage-resistant mutant protects against multiple
insults in cultured neurons (Kitazawa et al., 2003; Yang et al., 2004;
Latchoumycandane et al., 2005). Furthermore, pharmacological in-
hibition of PKC� prevents MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine)-induced degeneration of nigrostriatal
dopaminergic neurons in animal models (Zhang et al., 2007b).
We also showed that PKC� inhibits tyrosine hydroxylase (TH)
activity and dopamine synthesis in dopaminergic neurons
(Zhang et al., 2007a). Despite the known proapoptotic function
of PKC� in dopaminergic neurons, the role of this kinase in cel-
lular stress induced by proteins associated with familial PD-
linked genes is not known.

�-Synuclein (�syn) is a presynaptic protein predominantly
expressed in neurons throughout the mammalian brain. The
physiological functions of �syn are poorly understood, but evi-
dence has suggested a role for it in synaptic plasticity, dopamine
synthesis, and membrane trafficking (Clayton and George, 1998;
Perez et al., 2002; Outeiro and Lindquist, 2003). The relevance of
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�syn to PD pathogenesis is based on case studies of familial PD
resulting from mutations or multiplications of �syn gene, as well
as the observation that misfolded �syn is a major constituent of
Lewy bodies in both familial and sporadic PD (Spillantini et al.,
1998; Norris et al., 2004). Although altered �syn processing is
thus considered a main determinant of PD, a growing body of
evidence suggests a protective role of native �syn in neurodegen-
eration (Manning-Bog et al., 2003; Sidhu et al., 2004; Chandra et
al., 2005; Leng and Chuang, 2006; Monti et al., 2007).

While studying the PKC�-dependent cell death mechanisms,
we unexpectedly found striking neuroprotection in an �syn-
expressing dopaminergic cell model during exposure to the par-
kinsonian neurotoxicant MPP�. This led us to further investigate
the molecular mechanisms underlying the neuroprotective func-
tion mediated by �syn in dopaminergic neurons using cell cul-
ture and animal models. In the present study, we demonstrate a
novel functional association between PKC� and �syn in which
�syn represses PKC� expression by a mechanism involving mod-
ulation of both nuclear factor-�B (NF�B) and p300 signaling
pathways in a dopaminergic neuronal cell model and in trans-
genic �syn mice. We also show that the deregulation of proapop-
totic PKC� expression protects dopaminergic neurons against
MPP� toxicity. These observations extend the physiological role
of native �syn in protecting against neuronal injury.

Materials and Methods
Reagents. MPP �, actinomycin D (ActD), protein A/G beads, sodium
butyrate, and mouse �-actin antibody were purchased from Sigma-
Aldrich. SN-50 peptide, garcinol, and N-(4-chloro-3-trifluoromethyl-
phenyl)-2-ethoxy-6-pentadecyl-benzamide (CTPB) were obtained from
Enzo Life Sciences. Biotin-16-UTP and the Cell Death Detection ELISA
Plus assay kit were purchased from Roche Molecular Biochemicals.
Z-DEVD-FMK was obtained from Alexis Biochemicals. Acetyl-DEVD-
amino-4-methylcoumarin (Ac-DEVD-AMC) was obtained from Bachem.
The Bradford protein assay kit was purchased from Bio-Rad Laborato-
ries. The DNeasy Blood & Tissue kit was obtained from QIAGEN.
Hoechst 33342, Lipofectamine Plus reagent, Lipofectamine 2000 reagent,
hygromycin B, penicillin, streptomycin, fetal bovine serum, L-glutamine,
RPMI 1640 medium, methionine-free RPMI 1640 medium, Neurobasal
medium, B27 supplement, and DMEM were purchased from Invitrogen.
Dynabeads M-280 was purchased from Dynal Biotech. [ 3H]Acetyl-CoA,
poly(dI-dC), [ 35S]methionine, HRP-linked anti-mouse and anti-rabbit
secondary antibodies, and the ECL chemiluminescence kit were obtained
from GE Healthcare. Antibodies to PKC�, PKC�, PKC�I, PKC�, p65,
p50, inhibitor of �B� (I�B�), cAMP response element-binding protein-
binding protein (CBP), p300, and �syn (sc-12767; only detecting �syn of
human origin) were purchased from Santa Cruz Biotechnology; the rab-
bit polyclonal antibody for acetyl-lysine, mouse p300, and histone H3
antibodies were obtained from Millipore. �Syn monoclonal antibody
detecting both human and rat origins was purchased from BD Bio-
sciences (Syn-1); the mouse TH antibody was obtained from Millipore
Bioscience Research Reagents; the goat polyclonal antibody for lactate
dehydrogenase (LDH) and mouse monoclonal antibody for Lamin B1
were purchased from Abcam. IRDye800-conjugated anti-rabbit second-
ary antibody was obtained from Rockland Labs. Alexa 680-conjugated
anti-mouse, Alexa 488-conjugated anti-mouse, Alexa 568-conjugated
anti-rabbit secondary antibodies and mouse V5 antibody were obtained
from Invitrogen. Anti-goat secondary antibody and normal rabbit IgG
were obtained from Santa Cruz Biotechnology.

Plasmids. The plasmid encoding wild-type human �syn protein
(pCEP4-�syn) was a kind gift from Dr. Eliezer Masliah (University of
California, San Diego, La Jolla, CA). A control pCEP4 empty vector was
purchased from Invitrogen. To prepare pLenti-V5-PKC� and pLenti-
V5-�syn lentiviral vectors, full-length mouse PKC� (gi: 6755081) and
human �syn (gi: 6806897) cDNA were PCR-generated from pGFP-
PKC� (kind gift from Dr. Mary E. Reyland, University of Colorado

Health Sciences Center, Denver, CO) and pCEP4-�syn with the follow-
ing primer pairs, respectively: for PKC�, forward, 5�-CACCAT-
GGCACCCTTCCTGCGC-3�, reverse, 5�-AATGTCCAGGAATTGCT-
CAAAC-3�; for �syn, forward, 5�-CACCATGGATGTATTCATGAAA-
GGAC-3�, reverse, 5�-GGCTTCAGGTTCGTAGTCTTG-3�. The PCR
products were then subcloned in-frame into the C-terminal V5-tagged
expression vector pLenti6/V5-TOPO (Invitrogen) as described previ-
ously (Kitazawa et al., 2005; Latchoumycandane et al., 2005). A control
lentiviral construct pLenti-V5-LacZ, encoding �-galactosidase fused to
the V5 epitope, was also obtained from Invitrogen. To generate pGL3-
PKC� promoter construct, rat genomic DNA was isolated using the
DNeasy Blood & Tissue kit and used as template to amplify the 1.7 kb
DNA fragment (�1700 to �22, �1 denotes the transcription start site)
of rat PKC� gene. PCR conditions used were 94°C for 45 s; 30 cycles of
94°C for 30 s, 64.6°C for 30 s, and 72°C for 2 min; and 72°C for 10 min.
After PCR, the amplified product was cloned into the XhoI/HindIII sites
of pGL3-Basic vector (Promega). All constructs were verified by DNA
sequencing.

Primary mesencephalic cultures and treatment. All of the procedures
involving animal handling were approved by the Institutional Animal
Care Use Committee (IACUC) at the Iowa State University. Primary
mesencephalic neuronal cultures were prepared as described in our re-
cent publications (Zhang et al., 2007a; Ghosh et al., 2010). Briefly, 24-
well plates containing coverslips were coated overnight with 0.1 mg/ml
poly-D-lysine. Mesencephalon tissue was dissected from gestational 14-
d-old mouse embryos and kept in ice-cold Ca 2�-free HBSS. Cells were
then dissociated in HBSS containing trypsin– 0.25% EDTA for 30 min at
37 °C. After the incubation, 10% heat-inactivated fetal bovine serum in
DMEM was added to inhibit trypsin digestion. The cells were triturated
and suspended in Neurobasal medium supplemented with 2% Neuro-
basal supplement (B27), 500 �M L-glutamine, 100 IU/ml penicillin, and
100 �g/ml streptomycin, plated at 1 � 10 6 cells in 0.5 ml/well and incu-
bated in a humidified CO2 incubator (5% CO2 and 37°C). One-half of
the culture medium was replaced every 2 d, and experiments were con-
ducted using between 6 and 7 d cultures. After exposure to the NF�B
inhibitor SN-50 and the p300 inhibitor garcinol or the activator CTPB
for 24 h, the primary cultures were processed for immunocytochemical
analysis.

Cell culture and stable expression of �-synuclein. Rat immortalized mes-
encephalic dopaminergic neuronal cell line (1RB3AN27; referred to as
N27 cells) was a kind gift from Dr. Kedar N. Prasad (University of Col-
orado Health Sciences Center, Denver, CO). Rat striatal GABAergic
M213-20 cell line was a generous gift from Dr. William Freed (National
Institute on Drug Abuse, National Institutes of Health, Baltimore, MD).
Mouse dopaminergic MN9D cell line was a kind gift from Dr. Syed Ali
(National Center for Toxicological Research/Food and Drug Adminis-
tration, Jefferson, AR). Rat pheochromocytoma PC12 dopaminergic cell
line and human dopaminergic neuroblastoma SH-SY5Y cell line were
obtained from the American Type Culture Collection. N27 and PC12
cells were cultured as described previously (Zhang et al., 2007a). M213-
20, MN9D, and SH-SY5Y cells were grown in DMEM supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 50 U of penicillin, and 50 U
of streptomycin.

To generate a stable cell line expressing the human wild-type �syn,
N27 cells were stably transfected with pCEP4-�syn or pCEP4 empty
vector by Lipofectamine Plus reagent according to the procedure recom-
mended by the manufacturer and described previously (Kaul et al.,
2005b). The stable transfectants were selected in 400 �g/ml hygromycin
and further maintained in 200 �g/ml hygromycin added to N27 growth
media.

Animals. Transgenic mice (stock number 008389) that express human
wild-type �syn under the control of the Thy-1 promoter (Andrä et al.,
1996) and noncarrier littermate control mice were purchased from The
Jackson Laboratory. This line of transgenic animals has been character-
ized previously (Chandra et al., 2005). It expresses high levels of �syn
throughout the brain, but unlike some mutant transgenic lines, it does
not display the Parkinson’s-like phenotype. Six- to 8-week-old male
transgenic and noncarrier control mice were housed in standard condi-
tions: constant temperature (22 � 1°C), humidity (relative, 30%), and a
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12 h light/dark cycle with ad libitum access to food and water. Animal
care procedures strictly followed the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the
Iowa State University IACUC.

Immunoblotting and immunoprecipitation. Cell lysates were prepared
as described previously (Zhang et al., 2007a). Nuclear and cytoplasmic
extracts were isolated using the NE-PER nuclear and cytoplasmic extrac-
tion kit (Thermo Fisher Scientific). The protein concentrations were
determined with the Bradford protein assay kit at 595 nm. Immunoblot-
ting and densitometric analysis of immunoblots were performed as de-
scribed previously (Kanthasamy et al., 2006). Briefly, the indicated
protein lysates containing equal amounts of protein were fractionated
through a 7.5–15% SDS-polyacrylamide gel and transferred onto a ni-
trocellulose membrane (Bio-Rad Laboratories). Membranes were blot-
ted with the appropriate primary antibody and developed with HRP-
conjugated secondary antibody followed by ECL detection. IRDye800
anti-rabbit or Alexa 680-conjugated anti-mouse antibodies were also
used as secondary antibodies. The immunoblot imaging was performed
with either a Kodak image station IS2000MM (Kodak Molecular Imag-
ing System) or an Odyssey infrared imaging system (LI-COR), and data
were analyzed using one-dimensional image analysis software (Kodak
Molecular Imaging System) or Odyssey software 2.0 (LI-COR). Blots
were stripped and reprobed with anti-�-actin antibody as an internal
control for loading.

For immunoprecipitation studies, briefly, cells were lysed in immuno-
precipitation buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM

EDTA, 10 mM NaF, 1% Triton X-100, 1� halt protease inhibitor mix-
tures), and the resultant lysates were incubated on ice for 15 min followed
by centrifugation at 16,000 � g for 15 min. The supernatant fractions
were then precleared with protein A or protein G beads for 30 min at 4°C
followed by centrifugation at 16,000 � g at 4°C for 10 min. Five micro-
grams of the indicated antibody along with 50 �l of 50% of protein A or
protein G beads were added to the cell lysates and incubated overnight at
4°C on a rotator. The immunoprecipitates were collected, washed exten-
sively with cold PBS, and prepared for SDS-PAGE gel by addition of 2�
SDS sample buffer and then boiling for 10 min.

Transfections and infections. Transient transfections of �syn-
expressing and vector control N27 cells with promoter reporter were
performed using Lipofectamine 2000 reagent in accordance with the
manufacturer’s protocol. Cells were plated in six-well plates at 4 � 10 5

cells/well 1 d before transfection. Four micrograms of pGL3-PKC� con-
struct or pGL3-Basic empty vector was transiently transfected, and 0.5 �g
of �-galactosidase vector (pcDNA3.1-�gal; Invitrogen) was added to
each well to monitor transfection efficiencies. Twenty-four hours after
transfection, the cells were lysed in 200 �l of Reporter lysis buffer (Pro-
mega). Luciferase activity was measured on a luminometer (Reporter
Microplate; Turner Designs) using the Luciferase assay kit (Promega),
and �-galactosidase activity was detected using the �-galactosidase assay
kit (Promega). The ratio of luciferase activity to �-galactosidase activity
was used as a measure of normalized luciferase activity.

Electroporation of siRNAs was conducted by using a Nucleofector
device and the Cell Line Nucleofector kit (all from Lonza) following the
manufacturer’s instructions. Specific �syn siRNA (no. 16708) and
scrambled negative control siRNA (no. 4611) were purchased from Am-
bion. The p300-specific siRNA (no. SI02989693) was purchased from
QIAGEN. The NF�B-p65-specific siRNA as described (Chen et al., 2006)
was synthesized by Integrated DNA Technologies. The siRNA sequence
for �syn is 5�-GCAGGAAAGACAAAAGAGGtt-3� and for NF�B-p65 is
5�-GCAGUUCGAUGCUGAUGAAUU-3�. In each electroporation, 2 �
10 6 cells were resuspended in 100 �l of the electroporation buffer sup-
plied with the kit, along with 1.3 �g of gene-specific siRNA or scrambled
negative siRNA. The sample was then electroporated using the preset
nucleofector program no. A23 recommended by the manufacturer. After
electroporation, the cells were immediately transferred to prewarmed
culture medium. The next day, media were replaced to normal growth
media. Mock transfection with electroporation buffer alone was also
included as a transfection control. After 72 or 96 h from the initial trans-
fection, the cell lysates were collected and analyzed using Western blot-
ting to confirm the extent of �syn, NF�B-p65, p300, and PKC�

expression. Where indicated, the cell nuclear extracts were prepared and
used for electrophoretic mobility shift assay (EMSA) analysis.

Lentiviral constructs (pLenti-V5-PKC�, pLenti-V5-�syn, or control
construct pLenti-V5-LacZ) were packaged into virus via transient trans-
fection of the 293FT packaging cell line (Invitrogen) using Lipofectamine
2000 reagent, as described previously (Cooper et al., 2006). The lentivirus
in the medium was collected by centrifuging at 72–96 h after transfection.
All transductions were performed at a multiplicity of infection of 1 in the
presence of polybrene (6 �g/ml). To assess the effect of transient human
�syn overexpression on PKC� expression, N27 cells were infected with
lentiviral particles encoding V5-�syn or V5-LacZ for 48 h and collected
for immunoblot analysis. To test the effects of restoring PKC� expression
on MPP � neurotoxicity, stable �syn-expressing and vector control N27
cells were infected with PKC� or control LacZ lentivirus for 24 h. The
cells were then treated with fresh media containing 300 �M MPP � for
48 h before analysis. In experiments aimed at detecting the expression of
pLenti-V5-PKC� and pLenti-V5-LacZ, the cells were incubated with len-
tivirus for 48 h and collected for immunoblot analysis.

Caspase-3 activity and DNA fragmentation assays. Caspase-3 activity
was measured as previously described (Kaul et al., 2005b). Briefly, after
treatment with 300 �M MPP �, cell lysates were prepared and incubated
with a specific fluorescent substrate, Ac-DEVD-AMC (50 �M), at 37°C
for 1 h. Caspase-3 activity was then measured using a SpectraMax Gemini
XS Microplate Reader (Molecular Devices) with excitation at 380 nm and
emission at 460 nm. The caspase-3 activity was calculated as fluorescence
units per milligram of protein.

DNA fragmentation assay was performed using a Cell Death Detection
ELISA Plus kit as previously described (Anantharam et al., 2002). Briefly,
after treatment with 300 �M MPP �, cells were collected and lysed in 450
�l of lysis buffer supplied with the kit for 30 min at room temperature,
and spun down at 2300 � g for 10 min to collect the supernatant. The
supernatant was then used to measure DNA fragmentation as per the
manufacturer’s protocol. Measurements were made at 405 and 490 nm
using a SpectraMax 190 spectrophotometer (Molecular Devices).

Immunostaining and microscopy. After perfusion with 4% paraformal-
dehyde, the mice brains were removed, immersion fixed in 4% parafor-
maldehyde, and cryoprotected in sucrose. Then the brain was cut on a
microtome into 20 �m sections. Sections from substantia nigra were
used for dual-labeled immunofluorescence. After washing with PBS, the
brain sections were rinsed with blocking buffer containing 2% BSA,
0.05% Tween 20, and 0.5% Triton X-100 in PBS for 45 min, and then
incubated overnight at 4°C with the following combinations of primary
antibodies: anti-PKC� (1:250; Santa Cruz) and anti-TH (1:1800; Milli-
pore Bioscience Research Reagents), or anti-p300 (1:350; Santa Cruz)
and anti-TH (1:1800; Millipore Bioscience Research Reagents), followed
by incubation with anti-rabbit Alexa 568-conjugated (red; 1:1000) and
anti-mouse Alexa 488-conjuated secondary antibodies (green; 1:1000)
for 1 h at room temperature. After this, Hoechst 33342 (10 �g/ml) was
added for 3 min at room temperature to stain the nucleus. The brain
sections were mounted and observed with either an oil-immersion 63�
PL APO lens with a 1.40 numerical aperture or an oil-immersion 100�
PL APO lens with a 1.40 numerical aperture using a Leica SP5 X confocal
microscope system (all from Leica) at the Confocal Microscopy and Im-
age Analysis Facility at Iowa State University. For final output, images
were processed using LAS-AFlite software (Leica). For computer-assisted
image analysis, a 0.051 mm 2 area was delineated using this LAS-AFlite
software and TH-PKC� colocalized dopaminergic neurons were counted
independently and blindly by two investigators. Data were expressed as
either percentage of TH-positive cells containing PKC� immunoreactiv-
ity/total TH neurons or number of TH-positive cells containing PKC�
immunoreactivity/area (in square millimeters).

Immunostaining of PKC�, TH, and �syn was performed in primary
mesencephalic neurons, �syn-expressing and vector control N27 cells.
Cells grown on coverslips precoated with poly-L-lysine or poly-D-lysine
were washed with PBS and fixed in 4% paraformaldehyde for 30 min.
After washing, the cells were permeabilized with 0.2% Triton X-100 in
PBS, washed with PBS, and blocked with blocking agent (5% bovine
serum albumin, 5% goat serum in PBS). Cells were then incubated with
the antibody against human �syn (1:500; Santa Cruz), TH (1:1800; Mil-
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lipore Bioscience Research Reagents), and PKC� (1:1000; Santa Cruz)
overnight. Fluorescently conjugated secondary antibody (Alexa 488-
conjugated anti-mouse antibody, green, 1:1500; or Alexa 568-conjugated
anti-rabbit antibody, red, 1:1500) was used to visualize the protein. Nu-
clei were counterstained with Hoechst 33342 for 3 min at a final concen-
tration of 10 �g/ml. Finally, images were viewed using an oil-immersion
60� PL Apo lens with a 1.45 numerical aperture on a Nikon inverted
fluorescence microscope (model TE2000; Nikon). Images were captured
with a SPOT color digital camera (Diagnostic Instruments) and pro-
cessed using MetaMorph 5.07 image analysis software (Molecular De-
vices). For quantitative analysis of immunofluorescence, we measured
average pixel intensities from the region of interest using the MetaMorph
5.07 image analysis software.

Pulse-chase assays. Before pulse labeling, cells were starved of methio-
nine for 30 min. Cells were subsequently pulse-labeled with methionine-
free RPMI 1640 medium containing 125 �Ci/ml [ 35S]methionine for
2 h. Afterward, cells were rinsed twice with warm PBS and chased in
complete growth medium for various times up to 48 h. At different chase
times, the cells were collected and subsequently subjected to immuno-
precipitation using PKC� antibody as described above. The immuno-
precipitates were separated with 10% SDS-PAGE and analyzed by
autoradiography at 24 – 48 h using a PhosphoImager (Personal Molecu-
lar Imager FX; Bio-Rad Laboratories). Band quantifications were pro-
cessed using Quantity One 4.2.0 software (Bio-Rad Laboratories).

Reverse transcription-PCR and methylation-specific PCR. Total RNA
was isolated and converted to cDNA using Absolutely RNA Miniprep
kit from Stratagene and High Capacity cDNA Archive kit from Ap-
plied Biosystems, respectively. For semiquantitative reverse tran-
scription (RT)-PCR, 1 �l of the reverse transcriptase reaction mixture
served as a template in PCR amplification. PCR amplifications were
performed using the following program: 94°C for 3 min; 35 cycles of
94°C for 45 s, 56°C (PKC�, �, and �) or 60°C (PKC�, 	, �, and
GAPDH) for 30 s, 72°C for 45 s. PCR products were then separated by
electrophoresis in 1–2% agarose gel and visualized by ethidium bro-
mide staining.

Quantitative real-time RT-PCR was performed using Brilliant SYBR
Green QPCR Master Mix kit and the Mx3000P QPCR system (all from
Stratagene). The p300 primer set was using a QuantiTect Primers assay
(QIAGEN; QT01083859). The �-actin was used as an internal control for
RNA quantity (sequence is listed in supplemental Table 1, available at
www.jneurosci.org as supplemental material). The reaction mixture in-
cluded 1 �l of cDNA (100 ng of RNA used), 12.5 �l of 2� master mix,
0.375 �l of reference dye, and 0.2 �M each primer. Cycling conditions
contained an initial denaturation at 95°C for 10 min, followed by 40 cycles of
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Fluorescence was detected
during the annealing/extension step of each cycle. Dissociation curves were
run to verify the singularity of the PCR product. The data were analyzed
using the comparative threshold cycle method. Briefly, the relative PKC�
expression (expressed as fold differences) between �syn-expressing and vec-
tor control N27 cells was calculated as 2�(�CtSYN � �CtVEC), where �Ct
represented the mean Ct value of PKC� or p300 after normalization to
�-actin internal control.

For methylation-specific PCR (MSP) experiments, genomic DNA
was isolated from �syn-expressing and vector control N27 cells using
the DNeasy Blood & Tissue kit as mentioned earlier. Bisulfite modi-
fication was subsequently performed on 500 ng of genomic DNA by
the MethylDetector bisulfite modification kit (Active Motif) accord-
ing to the manufacturer’s instructions. Two pairs of primers were
designed to amplify specifically methylated or unmethylated PKC�
sequence using MethPrimer software (Li and Dahiya, 2002). The cy-
cling condition was as follows: 94°C for 3 min, after which 35 cycles of
94°C for 30 s, 52.5°C for 30 s, 68°C for 30 s, and finally 72°C for 5 min.
PCR products were loaded onto 2% agarose gels for analysis. Negative
control PCRs were performed using water only as template.

Assessments of mRNA stability. The PKC� mRNA decay experiments
were conducted as described previously (Jing et al., 2005) with some
modification. Briefly, cells were treated with 5 �g/ml actinomycin D to
block de novo transcription, total RNA were isolated at selected time
points thereafter, and the amount of PKC� mRNA was determined by

quantitative real-time RT-PCR. The PKC� mRNA values were normal-
ized to the amount of �-actin internal control in each sample and ex-
pressed as the percentage of mRNA levels present at time 0 (set to 100%)
before the addition of actinomycin D.

Nuclear run-on assays. The nuclear run-on assays were performed with
minor modifications to the method described by Patrone et al. (2000).
Nuclei were prepared from 60 � 10 6 cells by resuspending in 4 ml of
Nonidet P-40 lysis buffer (10 mM Tris-HCl, pH 7.4, 3 mM MgCl2, 10 mM

NaCl, 150 mM sucrose, and 0.5% Nonidet P-40), and a 5 min incubation
in ice followed. Nuclei were isolated by centrifugation, washed with cell
lysis buffer devoid of Nonidet P-40, and the pellets were resuspended in
100 �l of freezing buffer (50 mM Tris-HCl, pH 8.3, 40% glycerol, 5 mM

MgCl2, and 0.1 mM EDTA). One volume of transcription buffer (200 mM

KCl, 20 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 4 mM dithiothreitol, 4
mM each of ATP, GTP, and CTP, 200 mM sucrose, and 20% glycerol) was
added to nuclei. Eight microliters of biotin-16-UTP was then supplied to
the mixture. After incubation for 30 min at 29°C, the reaction was termi-
nated and total RNA was purified using the Absolutely RNA Miniprep kit
according to the manufacturer’s instructions. RNA was eluted in 60 �l of
nuclease-free water and 10 �l was saved as total nuclear RNA. Dynabeads
M-280 (50 �l) was subsequently used to capture the run-on RNA. Three
microliters of run-on RNA or 10 �g of total nuclear RNA was subjected
to cDNA synthesis and quantitative real-time PCR as described above. To
monitor undesired RNA capture by Dynabeads, control reactions were
also performed in which conditions were identical except that UTP was
added to the transcription system in the place of biotin-16-UTP.

EMSAs. Nuclear and cytoplasmic proteins were prepared using the
NE-PER nuclear and cytoplasmic extraction kit as described before.
The IRye700-labeled oligos Pkc�NF�Bs and NF�B, corresponding to the
NF�B-like sequences within the rat PKC� promoter and the consensus
sequence of NF�B, respectively, were synthesized by LI-COR and used as
labeled probes. The unlabeled competitor oligos were obtained from
Integrated DNA Technologies. All oligos sequences are illustrated in sup-
plemental Table 2 (available at www.jneurosci.org as supplemental ma-
terial). Protein–DNA binding reactions were performed with 5–10 �g of
nuclear proteins, 1 �l of labeled oligonucleotide (50 fmol) in a total
volume of 20 �l of mixture containing 10 mM Tris-HCl, pH 7.5, 50 mM

NaCl, 0.25% Tween 20, 2.5 mM DTT, 0.05 mM EDTA, and 1 �g of
poly(dI-dC). After incubation at room temperature for 20 min, the
resulting DNA–protein complexes were resolved on a 6.6% non-
denaturing polyacrylamide gel at 10 V/cm for �50 min at 4°C in 1� TGE
buffer. Gels were analyzed on the Odyssey infrared imaging system (LI-
COR). In competition experiments, before the addition of the labeled
probe, nuclear extracts were preincubated for 30 min at room tempera-
ture with a 100-fold molar excess of unlabeled competitor oligos. In
supershift experiments, 400 ng of anti-p50, anti-p65, or normal rabbit
IgG was incubated with nuclear extracts for 30 min at room temperature
before the addition of labeled probe.

Histone acetyltransferase activity assays. p300 histone acetyltransferase
(HAT) activity was measured using a p300/CBP immunoprecipitation
HAT assay kit from Millipore following the manufacturer’s protocol with
minor modifications as previously described (Nakatani et al., 2003).
Briefly, one milligram of nuclear extracts from �syn-expressing and vec-
tor control N27 cells were precipitated with 5 �g of anti-p300 antibody or
normal mouse IgG and 50 �l of magnetic protein-G beads (Active Motif)
at 4°C overnight. The collected beads were washed with three times cold
PBS and incubated with HAT assay mixture (50 �l) containing 10 �l of
core histones and 100 �M [ 3H]acetyl-CoA (0.5 �Ci/�l) at 30°C for 30
min. Fifteen microliters of the supernatant of each sample was placed on
P81 square papers and [ 3H]acetyl incorporation into the substrates was
measured using a scintillation counter. Data were expressed as mean
values of counts, subtracted from background values measured in sam-
ples containing normal mouse IgG.

Chromatin immunoprecipitation assays. The ChIP-IT Express enzy-
matic kit from Active Motif was used to analyze the in vivo binding of
NF�B p65 and p50 subunits, and p300/CBP coactivators onto the rat
PKC� promoter region. Unless otherwise stated, all reagents, buffers, and
supplies were included in the kit. The chromatin immunoprecipitation
(ChIP) assays were performed following the manufacturer’s instructions
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with slight modifications. Briefly, �1.5 � 10 7 cells were fixed in 1%
formaldehyde for 10 min at room temperature. After cross-linking, the
nuclei were prepared and chromatin was enzymatic digested to 200 –
1500 bp fragments (verified through running on a 1% agarose gel) by
incubation with the enzymatic shearing mixture for 12 min at 37°C. The
sheared chromatin was collected by centrifuge, and a 10 �l aliquot was
saved as an input sample. Aliquots of 70 �l of sheared chromatin were
incubated overnight with rotation at 4°C with protein G magnetic beads
and 3 �g of indicated antibody. Equal aliquots of each chromatin sample
were saved for no-antibody controls. After extensive washing, reversal of
cross-links, and proteinase K digestion, the elute DNA in the immuno-
precipitated samples was directly collected on a magnetic stand, and the
input DNA was purified by phenol/chloroform extraction and ethanol
precipitation. The DNA samples were analyzed by PCR using primer
pairs designed to amplify a region (�103 to �60) within PKC� pro-
moter. Conditions of linear amplification were determined empirically
for the primers. PCR conditions were as follows: 94°C for 3 min; 94°C for
20 s, 58°C for 30 s, and 72°C for 30 s for 35 cycles. The PCR products were
resolved by electrophoresis in a 1.0% agarose gel and visualized after
ethidium bromide staining.

Bioinformatics. CpG island identification was analyzed with the web-
based program CpG Island Searcher (Takai and Jones, 2002). This pro-
gram defines a CpG island as a region with a G�C content 
50%, longer
than 200 bp nucleotides, and an observation/expectation CpG ratio
�0.6. The search for the phylogenetic sequence conservation among rat,
human, murine, and cow PKC� promoter was conducted with the Di-
Align Professional TF release 3.1.1 (DiAlign TF) (Morgenstern et al.,
1996, 1998) (Genomatix Software). This program identifies common
transcription factor binding site matches located in aligned regions
through a combination of alignment of input sequences using multiple
alignment program DiAlign (Morgenstern et al., 1996, 1998) with recog-
nition of potential transcriptional factor binding sites by MatInspector
software (Cartharius et al., 2005) (Genomatix Software), which used
matrices library, version 8.0.

Data analysis. All statistical analyses were performed using the Prism
4.0 software (GraphPad Software). In PKC� protein and mRNA degra-
dation experiments, a one-phase exponential decay model was fitted to
each data set using the nonlinear regression analysis program of Prism
4.0 software as follows: Y 	 span e �Kt � plateau, where Y starts at span �
plateau and decays with a rate constant K. The half-life of the each mRNA
or protein was subsequently determined by 0.693/K. The goodness-of-fit
was assessed as the square of the correlation coefficient (R 2). Data were
analyzed either by Student’s t test or one-way ANOVA followed by
Tukey’s pairwise multiple-comparison test. Statistical significance was
defined as p 
 0.05.

Results
Expression of human �-synuclein in N27 dopaminergic cells
downregulates PKC� expression in an isoform-specific
manner
We previously reported that PKC� serves as a key proapoptotic
effector in dopaminergic neurons, and caspase-3-mediated pro-
teolytic cleavage of PKC� is a key mediator in multiple models of
dopaminergic neurodegeneration (Anantharam et al., 2002; Kaul
et al., 2003, 2005a; Yang et al., 2004; Kanthasamy et al., 2006;
Zhang et al., 2007b). Growing evidence indicates that the neuro-
protective mechanism of endogenous �syn involves deregulation
of gene expression of specific stress-signaling molecules linked to
neuronal survival (Alves Da Costa et al., 2002; Hashimoto et al.,
2002; Manning-Bog et al., 2003; Albani et al., 2004). Analysis in a
variety of cell lines, MN9D, N27, PC12, M213-20, and SH-SY5Y,
revealed a striking inverse correlation between PKC� and �syn
protein levels (data not shown). These observations raised the
question of whether �syn might regulate PKC� expression and
thereby promote cell survival. To address this hypothesis, we
engineered rat-immortalized mesencephalic dopaminergic N27
cell line to express human wild-type �syn by stably transfecting

with plasmid pCEP4-�syn or pCEP4 control vector. The widely
used N27 neuronal cell model represents a homogeneous popu-
lation of TH-positive dopaminergic cells and is highly useful for
studying degenerative mechanisms in PD (Clarkson et al., 1999;
Kaul et al., 2005a; J. Peng et al., 2005; Zafar et al., 2007; Zhang et
al., 2007a; Lee et al., 2009). The stable expression of human �syn
in stable N27 cells was assessed by Western blot assay using the
�syn antibody (Syn-1) that detects both exogenously expressed
human �syn and endogenous rat �syn. As shown in Figure 1 A,
the �syn endogenous level was too low to be detected in vector
control N27 cells, whereas exogenously expressed �syn could
readily be detected in the �syn-expressing N27 cells. Impor-
tantly, the level of �syn achieved in �syn-expressing N27 cells
appears to be within the physiological range, as this level was
comparable with that seen in the rat brain substantia nigra (rSN)
homogenates (Fig. 1A). Additional analysis of subcellular local-
ization of �syn in the stable cells demonstrated that �syn is ex-
clusively in the cytoplasm but absent in the nucleus
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). We next determined whether �syn affects
PKC� expression. Western blot analysis (Fig. 1B, left panel) of
various PKC isoforms showed a selective suppression of PKC� in
�syn-expressing N27 cells. Quantitative analysis showed that
�syn caused a �50% reduction in PKC� protein levels, whereas
PKC�, �I, and � were not affected (Fig. 1B, right panel). To
further determine whether this specific inhibition occurred at the
mRNA level, semiquantitative RT-PCR (primer sequences are
listed in supplemental Table 1, available at www.jneurosci.org as
supplemental material) was performed (Fig. 1C, left panel). Sim-
ilar to the trend seen in protein levels, only PKC� mRNA expres-
sion was markedly reduced by �syn. Quantitative RT (qRT)-PCR
analysis revealed a dramatic �80% reduction in PKC� mRNA in
�syn-expressing N27 cells (Fig. 1C, right panel). To ensure the
observed downregulation of PKC� gene expression in these two
stable cell lines was not an artifact from the selection or mainte-
nance of stable transfectants, we examined the PKC� expression
in transiently transduced N27 cells. As shown in Figure 1D, tran-
sient transduction of N27 cells with lentivirus encoding human
wild-type �syn-V5 fusion also resulted in a dramatic decrease in
expression of PKC� gene compared with control lentivirus (lacZ-
V5)-infected cells. Together, these data demonstrate that �syn is
capable of repressing the PKC� isoform in N27 dopaminergic
cells.

Dysregulation of PKC� by �-synuclein protects against
MPP �-induced cell death in dopaminergic N27 cells
After we identified that increased �syn inhibits the steady-state
level of PKC�, we investigated the significance of PKC� down-
regulation by �syn. Previously, we established the proapoptotic
function of PKC� in dopaminergic neurons using siRNA and
dominant-negative PKC� mutants (Yang et al., 2004; Kitazawa et
al., 2005; Latchoumycandane et al., 2005). In the present study,
we used a lentivirus encoding PKC� fused to the V5 epitope
(PKC�-V5) to markedly overexpress PKC� and investigated
whether PKC� gain of function influences the neurotoxicity in
N27 cells after MPP� treatment. The increased expression of
PKC� after lentiviral infection compared with control lentivirus-
infected cells (LacZ) was confirmed by Western blot assay (data
not shown). The extent of MPP�-induced apoptosis was mea-
sured by DNA fragmentation (Fig. 2A, left panel) and caspase-3
enzymatic activity (Fig. 2A, right panel) analysis. In LacZ
control-infected cultures, �syn-expressing N27 cells almost com-
pletely suppressed MPP�-induced DNA fragmentation and
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caspase-3 activity compared with vector control N27 cells. Im-
portantly, introduction of PKC� significantly increased MPP�-
induced DNA fragmentation ( p 
 0.01) and caspase-3 activity
( p 
 0.05) in �syn-expressing N27 cells. These results suggest
that downregulation of PKC� by �syn is protective. In additional
support of these data, MPP�-induced PKC� proteolytic cleavage
and its nuclear translocation, events associated with apoptosis
(Anantharam et al., 2002; DeVries et al., 2002; Kaul et al., 2003,
2005a), were almost completely diminished in �syn-expressing
N27 cells compared with vector control N27 cells (Fig. 2B).

Next, we examined the localization of �syn in the stable cells
after MPP� treatment. As shown in Figure 2C, the exclusive lo-
calization of �syn in the cytoplasm was not affected by MPP�, as
determined by Western blot and immunostaining. Interestingly,
a recent study demonstrates that subcellular localization of �syn
may contribute to its neurotoxicity: nuclear localization of �syn
promotes apoptosis, whereas cytoplasmic localization of �syn pro-
tects cells (Kontopoulos et al., 2006). Together, these results support
a model in which �syn acts in the cytoplasm to protect against
MPP�-induced dopaminergic cell death via negative regulation of
the proapoptotic kinase PKC� expression.

Increased �-synuclein expression in an animal model is
associated with decreased PKC� levels within nigral
dopaminergic neurons
We further extend our findings from a dopaminergic cell culture
model to an animal model. Since recent studies conducted in our

laboratory demonstrated that PKC� is expressed in dopaminer-
gic neurons in nigral regions of the brain (Zhang et al., 2007a), we
decided to determine whether an inverse relationship between
�syn and PKC� expression in nigral dopaminergic neurons ex-
isted in vivo. For this purpose, we performed immunohistological
studies in transgenic mice that overexpress wild-type human
�syn (htg) and in nontransgenic control (non-tg) mice. This
transgenic line has been characterized previously (Chandra et al.,
2005); it expresses high levels of �syn throughout the brain under
the regulatory control of the Thy-1 promoter, and unlike some
similar mutant transgenic lines, it does not display the Parkinson’s-
like phenotype on aging. This mouse line also displayed a dra-
matic resistance to the neurodegeneration caused by deletion of
cysteine-string protein-� (CSP�) (Chandra et al., 2005). The ef-
fects of overexpression of �syn on PKC� expression within nigral
dopaminergic neurons were studied by double-immunostaining
nigral tissues for TH (marker of dopaminergic neurons) and
PKC�. As shown in Figure 3A, a strong PKC� immunoreactivity
(stained in red) was observed in control mice in the cytoplasm of
TH-expressing neurons (stained in green). Moreover, the major-
ity of the TH neurons displayed colocalization of TH and PKC�
(yellow color in the merged panel). In contrast, the �syn-
transgenic mice exhibited a significant decrease in PKC� immu-
noreactivity within TH neurons as well as significant loss of the
corresponding colocalization of TH and PKC�. Quantitative
analysis of TH-PKC�-colocalized dopaminergic neurons relative
to the number of total TH neurons showed that �70% of TH-

Figure 1. �-Synuclein specifically downregulates PKC� isoform in N27 dopaminergic cells. A, Whole-cell extracts from stably expressing �syn N27 cells (Syn), vector control N27 cells (Vec), and
rat substantia nigra brain (rSN) were prepared. Expression of �syn and TH were determined by immunoblotting assay with antibodies against �syn (Syn-1; BD Biosciences) and TH. �-actin was used
as a loading control. B, The specific downregulation of PKC� protein in �syn-expressing N27 cells. Representative immunoblots (left panel) and quantitation (right panel) of PKC isoforms (�, �, �I,
and �) in whole-cell lysates in �syn-expressing (Syn) and vector control (Vec) N27 cells. Data shown are mean � SEM from three separate experiments (***p 
 0.001). C, Left, Semiquantitative
RT-PCR analysis of mRNA levels of various PKC isoforms. Amplicon base pairs are shown at the right sides of the panel. GAPDH was used as loading control. Right, qRT-PCR analysis for PKC� mRNA
expression in �syn-expressing and vector control N27 cells. Data shown represent mean � SEM from four separate experiments performed in triplicate (***p 
 0.001). D, Transient overexpression
of human wild-type �syn in N27 cells by lentiviral infection downregulates PKC� protein expression. N27 cells were infected with lentiviruses expressing LacZ-V5 (control lentiviral vector) or
�syn-V5 for 48 h, and whole-cell lysates were analyzed for V5 and �-actin (top panel), PKC� (middle panel), and �syn (bottom panel). A representative immunoblot is shown.
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positive cells lost their PKC� expression in �syn-transgenic mice
(Fig. 3B) compared with control mice. Similar results were ob-
tained by quantifying TH-PKC�-colocalized dopaminergic neu-
rons in a delineated area (data not shown). Western blot analysis
confirmed an approximately sixfold increase in the levels of �syn
in the substantia nigra of �syn-transgenic mice (Fig. 3C). Overall,
these results establish an in vivo relevance of the relationship
between �syn overexpression and PKC� expression in dopami-
nergic neurons.

�-Synuclein attenuates PKC� promoter activation and
transcription efficiency without affecting PKC� protein
turnover or mRNA stability
We next investigated the molecular mechanism underlying the
�syn-induced suppression of PKC� expression. First, we exam-
ined whether �syn could destabilize PKC� protein in N27 cells.
To this end, we investigated the PKC� turnover rate by perform-
ing a pulse-chase experiment on both �syn-expressing and vector
control N27 cells labeled with [ 35S]methionine. �Syn had no
effect on PKC� protein turnover (Fig. 4A). The relative half-life
of PKC� was estimated to be 14.77 h in vector control and 14.07
h in �syn-expressing N27 cells (degradation rate constant K 	
0.055 � 0.017 per hour in vector control cells vs 0.051 � 0.007
per hour in �syn-expressing cells), an insignificant difference
between the two cells. We also considered the possibility that
�syn might directly alter the PKC� mRNA instability. To address
this possibility, we measured PKC� mRNA half-life by treating
cells with the transcription inhibitor ActD for 0 –12 h, and quan-

tified PKC� mRNA by qRT-PCR (Fig.
4B). The relative half-life of PKC� mRNA
was �2 h in vector control cells, and the
decay continued thereafter. Notably,
overexpression of �syn did not change the
relative half-life of PKC� mRNA (degra-
dation rate K 	 0.396 � 0.039 per hour in
vector cells vs 0.415 � 0.058 per hour in
�syn-expressing cells). Together, these re-
sults demonstrate that �syn-induced sup-
pression of PKC� is not attributable to
altered rate of PKC� protein or mRNA
decay, suggesting that there are no post-
transcriptional effects of �syn on PKC�
expression.

We therefore turned our attention to
transcriptional steps that could mediate
the reduction in PKC� via �syn. We first
examined whether �syn caused a de-
crease in the PKC� promoter activity.
For this, a 1.7 kb (�1700/�22, relative
to the transcription start site) region of
the rat PKC� promoter was amplified
and cloned into the pGL3-Basic re-
porter vector. The promoter activity was
then studied by transfecting �syn-expre-
ssing and vector control N27 cells with
the reporter construct pGL3-PKC� car-
rying PKC� promoter. As shown in Fig-
ure 4C, compared with vector control
cells, �syn resulted in a significant de-
crease ( p
0.001) in luciferase activity, sug-
gesting that �syn-induced suppression of
PKC� is most likely mediated at the level of
transcription.

Next, we used a nuclear run-on assay to investigate the effects
of �syn on PKC� transcriptional rate. In this assay, nuclei were
isolated from either �syn-expressing or vector control N27 cells
and used with the reaction containing biotin-16-UTP. We also
prepared nuclei from vector control cells and incubated without
biotin-16-UTP as a negative control for the run-on reaction. Af-
ter the transcriptional reaction, total nuclear RNA was extracted,
and then biotinylated RNA was isolated using streptavidin mag-
netic beads. qRT-PCR analysis was conducted with the biotinyl-
ated RNA and total nuclear RNA pools. Figure 4D shows the
representative amplification plots for PKC� mRNA (left panel)
and �-actin mRNA (right panel). The amount of biotinylated
PKC� mRNA generated in nuclei from �syn-expressing cells was
lower than that obtained from vector control cells, but �-actin
mRNA levels were nearly identical, indicating that �syn specifi-
cally inhibits the PKC� transcriptional rate. Quantitative analysis
showed a significant reduction ( p 
 0.001) in the PKC� tran-
scription efficiency in �syn-expressing cells (Fig. 4E). Collec-
tively, the results of the run-on experiment, combined with the
promoter reporter analysis, strongly suggest the involvement of a
transcriptional repression mechanism in the regulation of PKC�
expression. In addition, we also explored the possibility that epi-
genetic mechanisms such as DNA methylation (supplemental
Fig. 2A, available at www.jneurosci.org as supplemental mate-
rial) may be responsible for the �syn-induced reduction in PKC�.
Examination of the methylation status of the rat PKC� promoter
by MSP analysis (supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material) revealed an identical

Figure 2. Deregulation of PKC� by �-synuclein protects against MPP �-induced cell death in dopaminergic N27 cells. A, Effects
of downregulation of PKC� by �syn on MPP �-induced cell death in dopaminergic N27 cells. �Syn-expressing (Syn) and vector
control (Vec) N27 cells were infected with lentiviruses expressing LacZ-V5 or PKC�-V5 for 24 h. The cells were then exposed to
MPP � (300 �M) for 48 h. Cells were collected and assayed for DNA fragmentation (left panel) and caspase-3 activity (right panel).
Data shown represent mean � SEM from two independent experiments performed in quadruplicate (*p 
 0.05; **p 
 0.01;
***p 
 0.001). B, MPP �-induced PKC� proteolytic cleavage and its nuclear translocation were significantly diminished in
�syn-expressing N27 cells. �Syn-expressing (Syn) and vector control (Vec) N27 cells were exposed to MPP � (300 �M) for 36 h.
Cytoplasmic (C) and nuclear (N) fractions were prepared for immunoblotting analysis of PKC�. LDH (cytoplasmic fraction) and
Lamin B1 (nuclear fraction) were used as loading controls. C, Cytoplasmic localization of �syn in �syn-expressing N27 cells was not
affected by MPP � treatment. �Syn-expressing (Syn) and vector control (Vec) N27 cells were exposed to MPP � (300 �M) for 36 h.
Cells were either collected for preparation of cytoplasmic and nuclear extracts and immunoblotting analysis of �syn (left panel) or
stained and visualized under a Nikon TE2000 fluorescence microscope (right panel). Scale bar, 10 �m. A representative immuno-
blot and image of �syn immunostaining (green) and Hoechst staining (blue) are shown.
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methylation pattern in �syn-expressing and vector cells, suggest-
ing that the hypermethylation mechanism is less likely to be in-
volved in the repression of PKC�.

Increased �-synuclein expression suppresses PKC� in part by
blocking NF�B activation
To further explore the mechanism of �syn inhibition of the PKC�
promoter activity, the rat PKC� proximal promoter (�178 to
�22) was aligned for comparison with the homologous se-
quences from the murine, human, and bovine genome (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Murine PKC� and human PKC� promoters were well
conserved from 89 to 71% compared with rats, although the same
region was less conserved in the bovine PKC� gene (59%). Addi-
tional analysis revealed six highly conserved transcription factor
binding sites (TFBSs) in the proximal promoter (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material).
Among these conserved TFBSs, the most notable were two
potential NF�B binding sites, located at positions �20 to �8

(designated as Pkc�NF�B1) and �50 to �38 (designated as
Pkc�NF�B2). They are in close proximity, providing an enticing
platform for NF�B binding and transactivation of the PKC�
gene. Additionally, a previous report indicated that NF�B may be
involved in mouse PKC� expression (Suh et al., 2003). Therefore,
we performed detailed studies on the role of these two �B sites in
the regulation of basal PKC� expression in N27 cells and also
elucidated whether NF�B plays a role in �syn-mediated down-
regulation of PKC� expression. To determine whether these sites
were able to bind NF�B, we performed EMSA using the �B site
sequence of PKC� promoter as a probe and nuclear extracts from
vector cells as a source of NF�B (oligonucleotides sequences used
in EMSA are listed in supplemental Table 2, available at www.
jneurosci.org as supplemental material). As shown in Figure 5A,
in the absence of nuclear extract, the labeled probe is detected as
free probe migrating at the gel front (lane 1). In contrast, in the
presence of nuclear extract, an intense shifted band is seen in
EMSA using Pkc�NF�B1 (left panel) or Pkc�NF�B2 (right panel)
as a probe (Fig. 5A, lane 2). Sequence specificity of the DNA–

Figure 3. Decreased PKC� expression in nigral dopaminergic neurons in �-synuclein-overexpressing mice. A, Representative images of immunohistochemical analysis of PKC� expression within
nigral TH-positive neurons. Substantia nigra sections from nontransgenic control (non-tg) mice and �syn-transgenic mice (htg) were stained with PKC� polyclonal antibody (1:250 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) secondary antibodies. Hoechst 33342 (10 �g/ml)
was added to stain the nucleus. Confocal images were obtained using a Leica SP5 X confocal microscope system. Green, TH; red, PKC�; blue, nucleus. The white arrows point to dopaminergic neurons
with significant PKC� staining. Scale bars: Left panel, 25 �m; right panel, 7.5 �m. Magnifications: Left panel, 63�; right panel, 430�. B, Quantification of the number of TH neurons containing
colocalized PKC� immunoreactivity was determined by blindly counting six fields and averaging. Values expressed as percentage of total TH neurons were mean�SEM and representative for results
obtained with three pairs of 6- to 8-week-old mice (***p 
 0.001). C, To analyze the levels of �syn in substantial nigra homogenates from transgenic mice overexpressing human wild-type �syn
and nontransgenic mice, substantial nigra homogenates were prepared from transgenic mice (htg) and nontransgenic mice (non-tg) and subjected to immunoblotting analysis of �syn and �-actin.
Representative immunoblot (left panel) and quantitation (right panel) of �syn expression were shown. Approximately sixfold increase in �syn expression in substantial nigra was found in
transgenic mice. Data were shown as mean � SEM; n 	 6 (***p 
 0.001).
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protein complex was shown by competition with excess of
selected unlabeled oligos. The addition of excess unlabeled self-
oligos, or NF�B consensus oligos, resulted in the ablation of this
DNA–protein complex (Fig. 5A, lanes 3 and 5). However, an
excess of unlabeled mutant Pkc�NF�B oligos, or unrelated AP1
consensus oligos, did not interrupt the binding of nuclear pro-
teins (Fig. 5A, lanes 4 and 6). In addition, parallel EMSA using
NF�B consensus sequence as probe also confirmed that the PKC�
promoter-specific �B sites can compete efficiently against the
NF�B consensus sequence for binding NF�B (data not shown).
Thus, these data clearly demonstrate that the PKC� promoter has
two functional NF�B binding sites.

To further characterize NF�B binding to the PKC� promoter,
we performed supershift assay using Pkc�NF�B1 as a probe and
nuclear extracts from vector cells. As shown in Figure 5B, in the
absence of antibodies, NF�B binding to the Pkc�NF�B1 probe
was again observed (lane 1), and competition with an excess of
self oligos was included as an internal control (lane 2). In the
presence of anti-p65 antibody, the protein–DNA complex was
interrupted, and a specific supershift band was formed (lane 4).
This effect was also observed with the complete ablation of pro-

tein–DNA complex and the formation of
an intense supershift band when we added
anti-p65 and anti-p50 together (lane 5).
In the presence of anti-p50 antibody
alone, however, no supershift was formed
but the protein–DNA complex was signif-
icantly reduced (lane 3). The lack of a clear
supershift with p50 antibody may be at-
tributable to the interruption of the for-
mation of protein–DNA complex by
exposure to a specific antibody (Gustin et
al., 2004). Normal rabbit IgG antibody dis-
played no effect on the formation of the pro-
tein–DNA complex. Thus, our data
demonstrated that NF�B is constitutively
activated in N27 cells and that the activated
NF�B bound to the PKC� promoter com-
posed of a p50/p65 heterodimer.

If �syn inhibits the PKC� promoter ac-
tivity through the NF�B cis-elements at
the PKC� promoter, we should see a de-
crease in the NF�B–DNA complex in
�syn-expressing cells. As expected, the
nuclear extracts (both 5 and 10 �g) from
�syn-expressing cells exhibited reduced
DNA binding activity to the Pkc�NF�B1
probe compared with vector control cells
(Fig. 5C). A similar result was obtained
when the labeled Pkc�NF�B2 probe was
used (data not shown). Based on these
findings, we then performed a ChIP assay
to analyze the effect of �syn on NF�B ac-
tivation in vivo. As shown in Figure 5D,
�syn expression diminished endogenous
binding of both p65 and p50 to the PKC�
promoter. No detectable signal was ob-
served in the absence of antibody in the
immunoprecipitation process. To further
confirm the inhibitory effect of �syn on
NF�B transactivation, parallel studies us-
ing RNA interference to downregulate
�syn were performed. For this study, we

transfected siRNA-�syn (si-�syn) into �syn-expressing cells and
then examined the NF�B binding to the �B element of the PKC�
promoter at 72 h after transfection. EMSA showed that NF�B
activity was dramatically increased in �syn knockdown samples
(Fig. 5E). The efficacy of �syn-siRNA was evaluated by Western
blot, and a 90% reduction in the �syn level was obtained com-
pared with the negative control siRNA and mock transfected con-
trol (data not shown). Finally, we characterized the requirement
of NF�B for constitutive PKC� expression in N27 cells. To this
end, we used NF�B-p65 siRNA to directly inhibit the p65 protein.
When N27 cells were transfected with siRNA-p65 (si-p65), a
�56% reduction in the p65 level was observed, correlating with a
concomitant �35% decrease in the PKC� protein level. How-
ever, the negative control siRNA and mock transfection control
did not show a significant effect on the levels of p65 or PKC�
proteins (Fig. 5F). Collectively, these results indicate that NF�B
plays an important role in PKC� transactivation in N27 cells and
that �syn-induced downregulation of PKC� expression was me-
diated, at least in part, by reducing the NF�B binding to �B
enhancer elements at the PKC� promoter.

Figure 4. �-Synuclein suppresses PKC� transcription without affecting PKC� protein or mRNA stability in N27 dopaminergic
cells. A, Left, Pulse-chase analysis of stability of PKC� protein. �Syn-expressing and vector control N27 cells were labeled with
[ 35S]methionine, and PKC� protein was analyzed over 48 h as described in Materials and Methods. Right, The bands were
quantified and expressed as percentage of amount present at time 0 h. The data plotted were fit to a one-phase exponential decay
model using the nonlinear regression analysis program of Prism 4.0 software as follows: Y 	 span e �Kt � plateau, where Y starts
at span � plateau and decays with a rate constant K. The half-life of the protein was determined by 0.693/K. The square of the
correlation coefficient (R 2) is used as a measure of goodness-of-fit in regression analysis. Values are mean � SEM of two inde-
pendent experiments. B, The stability of PKC� mRNA was not decreased in �syn-expressing N27 cells. After treatment with ActD,
total RNA was extracted for qRT-PCR analysis at selected time intervals. The relative abundance of PKC� mRNA was expressed as a
percentage of that present at time 0 h, and data plotted were fit to the one-phase exponential decay model. Values are mean �
SEM of three independent experiments performed in triplicate. C, The PKC� promoter activation was attenuated in �syn-
expressing cells in reporter assays. Reporter pGL3-PKC� carrying the PKC� promoter or pGL3-Basic empty vector was transiently
transfected into �syn-expressing and vector control cells. Cells were collected 24 h after transfection and assayed for luciferase
activity and �-galactosidase activity. Data were normalized and expressed as fold induction over the pGL3-Basic vector. Values are
shown as mean � SEM of three independent experiments performed in triplicate (***p 
 0.001). D, The relative transcription
efficiency of PKC� was examined by quantitative nuclear run-on assay. Representative amplification plots for PKC� mRNA (left
panel) and �-actin mRNA (right panel) are shown. The change in fluorescence intensity (�Rn) was plotted on the y-axis. The arrow
shows the threshold (dashed lines). E, Quantitation of transcription efficiency. Data are expressed as fold change in the level of
nascent run-on PKC� mRNA in vector control cells and are shown as mean � SEM of three independent experiments performed in
triplicate (***p 
 0.001).
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To further confirm the functional role
of NF�B in the regulation of PKC� gene
expression in primary dopaminergic neu-
rons, mouse primary mesencephalic cul-
tures were treated with the NF�B
inhibitor SN-50, a cell-permeable peptide
that blocks NF�B nuclear translocation
(de Erausquin et al., 2003), and PKC� im-
munoreactivity of TH-positive neurons
was analyzed immunocytochemically
(Fig. 6). Exposure of primary mesence-
phalic cultures to SN-50 (100 �g/ml) for
24 h induced a significant reduction in
PKC� immunoreactivity in TH-positive
neurons (Fig. 6A). Analysis of fluorescent
intensity with MetaMorph Image analysis
software revealed a �70% ( p 
 0.01) de-
crease in PKC� immunoreactivity in SN-
50-treated TH-positive neurons (Fig. 6B).
Also, the SN-50 (100 �g/ml)-treated cul-
ture showed reduced p65 level in the nu-
cleus, confirming the inhibitory effect of
SN-50 on NF�B activation (data not
shown). These results confirm that NF�B
is an important regulator of PKC� expres-
sion in cultured substantia nigral neu-
rons, and thus additional analyses were
performed to examine the mechanism of
action of �syn in inhibiting NF�B activity
to downregulate PKC� expression.

�-Synuclein-induced blockade of NF�B
activation is associated with decreased
acetylation of p65, but does not
correlate with alteration of nuclear
translocation or protein levels of
NF�B/I�B�
Our next objective was to explore the mo-
lecular basis of inhibition of NF�B activity
by �syn. Since �syn is predominantly lo-
cated in the cytoplasm (supplemental Fig.
1, available at www.jneurosci.org as sup-
plemental material), the inhibitory effect
of �syn on NF�B activity may be attribut-
able to its interaction with NF�B in the
cytoplasm, preventing NF�B localization
to the nucleus. However, in our experi-
mental conditions, we were unable to de-
tect physical interactions between �syn
and NF�B subunits or I�B� by coimmu-
noprecipitation analysis (data not shown).
It may also be possible for �syn to indirectly
modulate NF�B activity by enhancing the
cytoplasmic retention of p50/p65 or altering
cellular pools of I�B�. To test this possibil-
ity, the subcellular distribution of NF�B
p50/p65 and I�B� was compared between
�syn-expressing cells and vector control
N27 cells. Surprisingly, �syn did not have
any effect on p50/p65 NF�B subunits or
I�B� in both cytoplasmic and nuclear frac-
tions (Fig. 7A). To further determine
whether reduced NF�B/DNA binding ac-

Figure 5. Increased �-Synuclein expression suppresses PKC� in part by blocking NF�B activation. A, Representative EMSA gel
images show the direct binding of NF�B to the putative PKC� NF�B sites. Competitive EMSA was conducted using labeled probe
corresponding to the PKC� NF�B site 1 (left panel) or the PKC� NF�B site 2 (right panel) and indicated unlabeled oligos. B, Binding
p50 and p65 to the NF�B sites on the PKC� promoter. The nuclear extracts from vector control cells were incubated with excess of
unlabeled self-oligos or indicated antibodies before adding the labeled probe (PKC� NF�B site 1). A representative EMSA super-
shift gel from three independent experiments is shown. C, A representative EMSA gel image indicates the reduced binding of NF�B
in vitro to the PKC� NF�B site 1 in �syn-expressing N27 cells. D, ChIP analysis of the in vivo binding of NF�B-p65 and p50 on the
PKC� promoter. After reversal of cross-linking, immunoprecipitated genomic DNA fragments were analyzed by PCR using primers
designed to amplify the �103 to �60 region of PKC� promoter. E, Knockdown of �syn protein increased NF�B activity. �Syn-
expressing cells were transient transfected with siRNA-�syn and scrambled siRNA. Seventy-two hours after transfection, the cells
were collected and subjected to EMSA analysis using the labeled probe corresponding to the PKC� NF�B site 1. Mock transfection
was also included as a negative control. F, Transfection of NF�B-p65 siRNA downregulated PKC� expression in N27 cells. N27 cells
were transfected with p65-siRNA and scrambled siRNA for 96 h, and cells were collected for Western blot analysis. Representative
immunoblot (left panel) and quantitation (right panel) of p65 and PKC� on whole-cell lysates in transfected cells. Data are shown
as mean � SEM of two independent experiments (*p 
 0.05; **p 
 0.01).

Figure 6. Effect of NF�B inhibition on the PKC� immunoreactivity in the primary dopaminergic neurons. A, Primary midbrain
cultures were treated with or without 100 �g/ml SN-50 for 24 h. Cultures were immunostained for TH (green) and PKC� (red). The
nuclei were counterstained by Hoechst 33342 (blue). Images were obtained using a Nikon TE2000 fluorescence microscope.
Magnification, 60�. Scale bar, 10 �m. Representative immunofluorescence images are shown. The inset shows a higher magni-
fication of the cell body area. B, Immunofluorescence quantification of PKC� in TH-positive neurons. Fluorescence immunoreac-
tivity of PKC� was measured from TH-neurons in each group using MetaMorph software. Values expressed as percentage of control
group are mean � SEM and representative for results obtained from three separate experiments in triplicate (**p 
 0.01).
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tivity by �syn resulted from alteration of protein levels of NF�B
subunits and I�B�, we analyzed p65, p50, and I�B� by Western blot.
As shown in Figure 7B, the total protein levels of p65, p50, and I�B�
were not affected by �syn either.

Studies were then undertaken to determine whether �syn-
mediated downregulation of NF�B activity might be related to
NF�B/p65 acetylation, a nuclear event associated with increased
transactivation potential of NF�B and regulated by both p300/
CBP HAT and histone deacetylase 3 (HDAC3) (Chen et al., 2001,
2002). In this experiment, whole-cell extracts were immunopre-
cipitated with a p65 antibody, and acetylated p65 (Ac-p65) was
detected by Western blot using an antibody specific for acetylated
lysine. Total p65 proteins from immunoprecipitates were then
reprobed with the p65 antibody. As shown in Figure 7C, a �65
kDa acetylated p65 showed no overt differences in acetylated p65,
but the total p65 levels immunoprecipitated from �syn-
expressing cells were significantly higher than that from vector
control cells, which might be attributable to the different efficien-
cies achieved during immunoprecipitation steps. Quantification
of normalized data (Ac-p65 over total p65) revealed a significant
( p 
 0.01) reduction in Ac-p65 in �syn-expressing cells com-
pared with vector control cells (Fig. 7C, right panel). To further
confirm the role of p65 acetylation in the modulation of PKC�
expression, we used the HDAC inhibitor sodium butyrate, which
increased the acetylation of p65 (Duan et al., 2007), possibly by
inhibiting HDAC3. We previously reported that certain neuro-
toxic insults induce PKC� cleavage via a caspase-3-dependent

manner (Kaul et al., 2003, 2005a). Since
we have found that sodium butyrate
markedly induced caspase-3-dependent
cleavage of PKC� in N27 cells (data not
shown), a caspase-3-specific inhibitor
Z-DEVD-FMK was applied to prevent the
sodium butyrate-induced PKC� cleavage.
After cotreatment with sodium butyrate
(1 mM) and Z-DEVD-FMK (50 �M) in
�syn-expressing cells, as expected, total cel-
lular acetylation was significantly enhanced.
In particular, two most prominent bands
were observed at 15 and 10 kDa, respectively
(Fig. 7D, right panel). In correlation with
this finding, sodium butyrate treatment re-
sulted in a time-dependent increase in
PKC� protein levels, whereas it had no such
effect on the levels of other PKC isoforms
(�, �I, �), suggesting that increased cellular
acetylation can isoform-specifically upregu-
late PKC� (Fig. 7D, left panel). Together,
these results suggest that �syn inhibition of
NF�B binding to the PKC� promoter is as-
sociated with decreased acetylation of p65,
without alteration of NF�B nuclear translo-
cation, I�B� degradation, or NF�B/I�B�
protein levels.

�-Synuclein downregulates p300
proteins, resulting in decreased p300
HAT activity and inhibition of
p300-dependent transactivation of
PKC� expression
Because the acetylation of p65 by HATs
p300/CBP plays a crucial role in NF�B ac-
tivation, we hypothesized that p300/CBP

may be a target for �syn to inhibit p65 acetylation. First, to de-
termine what effect, if any, �syn would exert on these proteins,
we measured levels of p300 and CBP by Western blot. As illus-
trated in Figure 8A, the amount of nuclear p300 was strikingly
reduced (60%) in �syn-expressing cells, whereas CBP was unal-
tered, suggesting a selective decrease in p300 proteins by �syn.
Neither p300 nor CBP can be detected in cytoplasmic fractions as
they are predominantly nuclear proteins. To further examine
whether the decrease in p300 proteins was at the mRNA level, the
p300 mRNA was measured by qRT-PCR analysis. However, p300
transcript levels were unaffected by �syn (data not shown), sug-
gesting that other mechanisms, such as protein degradation, may
be required for the decrease in p300 proteins. Next, we assessed
the effect of reduced p300 on its HAT activity. In this experiment,
p300 HAT activity was determined using an in vitro acetylation of
the core histone with endogenous p300 proteins immunoprecipi-
tated from �syn-expressing and vector control cells. As shown in
Figure 8B, p300 HAT activity decreased by �70% in �syn-
expressing cells compared with vector cells, suggesting that the
balance between HAT and HDAC activities in �syn-expressing
N27 cells was altered by �syn. The reduction in p300 HAT activ-
ity by �syn therefore appears to be at least in part a consequence
of the depletion of p300 protein in �syn-expressing cells. In ad-
dition to their intrinsic acetyltransferase activity, p300 and CBP
are well known for their roles in bridging multiple sequence-
specific transcription factors to general transcriptional machin-
ery to initiate transcription (Chan and La Thangue, 2001). Based

Figure 7. �-Synuclein-induced blockade of NF�B activation is associated with decreased acetylation of p65 but does not
correlate with nuclear translocation or protein levels of NF�B/I�B�. A, B, Nuclear translocation and abundance of NF�B/I�B�
were not altered by overexpression of �syn. Representative immunoblot of p65, p50, and I�B� levels on cytoplasmic and nuclear
extracts (A) or whole-cell lysates (B) from �syn (Syn) and vector control (Vec) cells. C, The p65 acetylation levels were reduced in
�syn cells. Whole-cell lysates was immunoprecipitated (IP) with p65 antibody. The resulting immunoprecipitates were blotted
with anti-acetyl-lysine and anti-p65 antibodies. Densitometric quantitation of the ratio of band intensity of acetylated p65 and
total p65 from two independent experiments (means � SEM; **p 
 0.01) is shown on the right. D, Sodium butyrate (NaBu)
specifically enhanced PKC� isoform expression in �syn-expressing N27 cells. �Syn-expressing cells were treated with 1 mM NaBu
and 50 �M caspase-3 inhibitor Z-DEVD-FMK, and cell lysates were prepared for blotting with specific anti-PKC isoforms (left panel)
and anti-acetyl-lysine (right panel) antibodies.
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on this understanding and our observation of decreased levels of
p300 induced by �syn, we were interested in determining
whether �syn could modulate p300 transactivation potential by
disrupting p300 recruitment to the PKC� promoter. To address
this issue, we evaluated p300 binding to the PKC� promoter by
ChIP assay. Chromatin was immunoprecipitated with a p300
antibody and analyzed by PCR amplification of the PKC� pro-
moter region encompassing the �B binding sites. As shown in
Figure 8C, a small amount of p300 binding onto the PKC� pro-
moter was detected in vector control cells, whereas in �syn-
expressing cells, it was completely abolished (lane 4 vs 5). This
effect was specific to p300, as binding and recruitment of CBP to
the PKC� promoter was not affected by �syn (Fig. 8C, lane 2 vs 3).
Although these experiments demonstrated that �syn blocked
p300 association to the PKC� promoter, they do not clarify a
functional link between loss of p300 and �syn repression of
PKC�. Therefore, we decided to use siRNA-p300 to directly in-
hibit endogenous p300 function. As shown in Figure 8D, the
transfection of siRNA-p300 (si-p300) into N27 cells resulted in a
�50% reduction in p300 protein, which was correlated with a
concomitant �50% decrease in the PKC� protein level. Collec-
tively, these results provide direct evidence for a specific loss of
p300 protein and a subsequent decrease in HAT activity attribut-
able to stable expression of �syn, which could account for de-
creased p65 acetylation and binding activity, as well as
downregulation of recruitment and binding of p300 to the PKC�
promoter, which is at least partly responsible for the reduction in
PKC� expression.

We further examined the role of p300 HAT in controlling
PKC� expression in primary dopaminergic neurons using the
pharmacological modulators of p300. Garcinol, a polyisopreny-
lated benzophenone derivative isolated from Garcinia indica, has

been shown to potently inhibit the activity of p300 and p300/
CBP-associated factor (PCAF) (Balasubramanyam et al., 2004;
Arif et al., 2009). In contrast, CTPB, an anacardic acid-inspired
benzamide, has been reported to function as an activator of p300,
but not of PCAF (Balasubramanyam et al., 2003; Mantelingu et
al., 2007; Souto et al., 2010). We treated mouse primary mesen-
cephalic cultures with either garcinol (5 �M) or CTPB (10 �M),
and then PKC� immunoreactivity of TH-positive neurons was
determined. As shown in Figure 9A, immunocytochemical stain-
ing revealed that the level of PKC� immunoreactivity in TH neu-
rons was dramatically reduced by garcinol exposure, and in
contrast, CTPB treatment significantly enhanced PKC� immu-
nofluorescence. Fluorescent intensity analysis revealed a �60%
( p 
 0.01) decrease and �170% ( p 
 0.05) increase in PKC�
immunoreactivity in garcinol-treated and CTPB-treated TH
neurons, respectively (Fig. 9B). These results further demon-
strated that p300 can regulate the PKC� expression in primary
dopamine neurons. Together with the reduced p300 levels in-
duced by �syn (Fig. 8), these results suggest that inhibition of
p300-mediated transcriptional events by �syn could contribute
to the downregulation of PKC�.

Downregulation of p300 in �-synuclein-transgenic mice
Thus far, the in vitro experiments indicated that p300 is likely to
be the major target molecule of �syn responsible for the ultimate
impingement on the PKC� transcription. The final step in our
study was to verify whether �syn overexpression downregulates
p300 in vivo. To accomplish this, we compared double immuno-
histochemical labeling of p300 levels within TH-positive neurons
in the substantia nigra of �syn-transgenic (htg) mice versus con-
trol (non-tg) animals. As shown in Figure 10, p300 (stained in
red) is predominantly distributed in the nucleus in TH-positive

Figure 8. �-Synuclein downregulates p300 proteins, resulting in decreased p300 HAT activity and inhibition of p300-dependent transactivation of PKC� gene expression. A, Decreased p300
protein levels in �syn-expressing cells. Representative immunoblot (left panel) and quantitation (right panel) of p300 and CBP on cytoplasmic and nuclear extracts from �syn-expressing (Syn) and
vector control (Vec) cells. Data are shown as mean � SEM of two independent experiments (**p 
 0.01). LDH (cytoplasmic fraction) or histone H3 (nuclear fraction) was used as loading control.
B, Decreased p300 HAT activity in �syn-expressing cells. Data were subtracted from background values that were measured in samples containing normal IgG, and then expressed as the percentage
of HAT activity present in vector control cells. Values are shown as mean � SEM of three independent experiments performed in triplicate (***p 
 0.001). C, The in vivo binding of p300 on the PKC�
promoter was interrupted by overexpression of �syn. After reversal of cross-linking, p300-immunoprecipitated genomic DNA fragments were analyzed by PCR using primers designed to amplify the
�103 to �60 region of PKC� promoter. D, Knockdown of p300 by siRNA-p300 decreased PKC� levels in N27 cells. N27 cells were transfected with p300-siRNA and scrambled siRNA for 96 h, and
cells were collected for Western blot analysis. Representative immunoblot (left panel) and quantitation (right panel) of p300 and PKC� on nuclear extracts or whole-cell lysates in transfected cells.
Data are shown as mean � SEM of two independent experiments (*p 
 0.05; ***p 
 0.001).
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neurons (stained in green). The majority of TH-positive neurons
in control mice exhibited significant p300 expression as shown by
the intensive p300 immunoreactivity. In contrast, TH-immuno-
reactive neurons in �syn-transgenic mice showed weak or no
immunoreactivity for p300. Together with in vitro results, these
findings in an animal model clearly demonstrate that the sup-
pression of p300 by �syn contributes to the downregulation of
PKC�.

Discussion
In the present study, we provide evidence
that the normal level of human wild-type
�syn is able to attenuate the MPP�-
induced dopaminergic degeneration by
inhibiting the proapoptotic PKC� gene
expression. To our knowledge, this is the
first evidence that �syn is implicated in
modulation of PKC� expression via p300.
Stable expression of human wild-type
�syn in N27 dopaminergic cells greatly at-
tenuates the MPP�-induced proteolytic
cleavage and nuclear translocation of the
PKC� catalytic fragment, leading to a neu-
roprotective effect. Conversely, restoring
PKC� expression significantly ablates
such neuroprotective function. Addition-
ally, we observed that NF�B and p300 are
actively involved in the modulation of
PKC� gene expression in primary dopa-
minergic neurons. NF�B/p300 inhibition
remarkably reduces the extent of PKC�
expression in primary dopaminergic neu-
rons, whereas activation of p300 induces a
significantly increased level of PKC�. Fur-
thermore, we show a dramatically de-
creased expression of both PKC� and
p300 proteins in dopaminergic neurons in
�syn-transgenic mice. In addition, we sys-
tematically characterized the mechanism
by which �syn represses PKC� gene ex-
pression. We demonstrated that �syn
does not interfere with PKC� protein and
mRNA turnover but acts via direct tran-
scriptional repression. Moreover, we pro-
vide evidence linking acetylation events to
PKC� repression mediated by �syn. First,
�syn inhibits NF�B acetylation, leading to
a reduced NF�B transcriptional activity.
Second, �syn disrupts p300 HAT activity.
Finally, we show that increasing the cellu-
lar acetylation by HDAC inhibitor treat-
ment increases PKC� expression in an
isoform-dependent manner. Collectively,
our results support a working model in
which �syn acts to inhibit p300 levels and
its HAT activity to repress PKC� expres-
sion and thereby protect against neuro-
toxicity. These findings might provide
mechanistic insights into the physiologi-
cal role of �syn in regulating neuronal cell
death by suppressing the proapoptotic ki-
nase PKC� expression. Our proposed
model based on the experimental results is
illustrated in Figure 11, in which the inhi-

bition of PKC� transcription by cytoplasmic �syn to prevent cell
death occurs by disrupting both NF�B and p300 activation, at
least as a consequence of the reduced p300 proteins and subse-
quent decrease in HAT activity.

�Syn is highly abundant in presynaptic terminals of mamma-
lian brain, making up to 0.1% of total brain proteins (Iwai et al.,
1995; Sidhu et al., 2004). Although �syn may have various roles in

Figure 9. Effect of p300 inhibition or activation on the PKC� immunoreactivity in the primary dopaminergic neurons. A, Primary
midbrain cultures at 7 d in vitro were treated with or without either 5 �M garcinol or 10 �M CTPB for 24 h. Cultures were
immunostained for TH (green) and PKC� (red). The nuclei were counterstained by Hoechst 33342 (blue). Images were obtained
using a Nikon TE2000 fluorescence microscope. Magnification, 60�. Scale bar, 10 �m. Representative immunofluorescence
images are shown. The inset shows a higher magnification of the cell body area. B, Immunofluorescence quantification of PKC� in
TH-positive neurons. Fluorescence immunoreactivity of PKC� was measured from TH-neurons in each group using MetaMorph
software. Values expressed as percentage of control group are mean � SEM and representative for results obtained from three
separate experiments in triplicate (*p 
 0.05; **p 
 0.01).

Figure 10. Decreased p300 level within neurons of the substantia nigra in �syn-overexpressing mice. Representative images
of immunohistochemical analysis of p300 expression within nigral TH-positive neurons. Substantia nigra sections from nontrans-
genic control (non-tg) mice and �syn-transgenic mice (htg) were stained with p300 polyclonal antibody (1:350 dilution) and TH
monoclonal antibody (1:1800 dilution), followed by incubation with Alexa 568-conjugated (red; 1:1000) and Alexa 488-
conjugated (green; 1:1000) secondary antibodies. Hoechst 33342 (10 �g/ml) was added to stain the nucleus. Confocal images
were obtained using a Leica SP5 X confocal microscope system. The white arrows point to dopaminergic neurons with significant
nuclear p300 staining. Green, TH; red, p300; blue, nucleus. Scale bars: Left panel, 25 �m; right panel, 7.5 �m. Magnifications: Left
panel, 63�; right panel, 250�.
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dopamine synthesis and homeostasis (Perez et al., 2002; X. Peng
et al., 2005), membrane trafficking (Outeiro and Lindquist, 2003;
Cooper et al., 2006), synaptic plasticity (Clayton and George,
1998; Stéphan et al., 2002), and as antioxidant or molecular chap-
erone (Ostrerova et al., 1999; Zhu et al., 2006), its physiological
role is still unclear. Mutations in �syn gene promote aggregation
of �syn proteins and are linked to PD (Norris et al., 2004). Fur-
thermore, transgenic overexpression of mutant �syn (A53T) in
mice produces neurodegeneration (Giasson et al., 2002; Lee et al.,
2002). However, controversy remains about the toxicological
properties of wild-type �syn. Several lines of wild-type �syn-
transgenic mice fail to show pathological phenotype (Matsuoka
et al., 2001; Rathke-Hartlieb et al., 2001). Furthermore, growing
evidence suggests a neuroprotective role for wild-type �syn. For
example, wild-type �syn, but not its mutant proteins, protects
dopaminergic neurons against MPP� or rotenone toxicity
(Jensen et al., 2003). Transgenic mice overexpressing either the
wild-type or the A53T mutant �syn are resistant to paraquat-
induced dopaminergic cell death (Manning-Bog et al., 2003). The
transgenic model used in the current study that overexpresses
wild-type human �syn exerts neuroprotection against CSP�-
induced neurodegeneration (Chandra et al., 2005). Several hy-
potheses may explain �syn-mediated neuroprotection. It is
conceivable that �syn plays a dual role in the nervous system.
When expressed at physiological levels, it may function as a nor-
mal protein that contributes to cell survival. In contrast, �syn
overexpressed beyond a certain threshold might induce cytotox-
icity. A previous study showed that at nanomolar concentrations,
�syn prevented cell death, whereas at both low micromolar and
overexpressed levels, �syn became neurotoxic (Seo et al., 2002).
Since the levels of �syn achieved in our stable N27 cells are within
physiological range (Fig. 1A), our results support protective
functions of this protein. In addition to the extent of �syn expres-
sion, an alternative possibility is that dysregulation of subcellular
�syn may contribute to PD. �Syn exists either in a membrane-
bound state that peripherally attaches to vesicles, or in a soluble
form that is freely diffusible in the cytoplasm. The translocation
between these two subcellular compartments is crucial for the

normal function of �syn (Bennett, 2005; Wislet-Gendebien et al.,
2006). Although �syn was initially recognized as a cytoplasmic
protein (Iwai et al., 1995), several lines of evidence have also
documented localization of �syn in the nucleus (Goers et al.,
2003; Zhang et al., 2008). Interestingly, a previous study indicated
that nuclear �syn promoted neurotoxicity, and conversely, cyto-
plasmic localization of �syn was neuroprotective (Kontopoulos
et al., 2006). In the present study, the cytoplasmic localization of
�syn that prevented MPP�-induced cell death partially con-
firmed this finding (Fig. 2). Additionally, �syn has been shown to
function as a negative mediator of DA synthesis via interactions
with TH and/or PP2A to inhibit TH activity (Perez et al., 2002; X.
Peng et al., 2005). We also reported that PKC� negatively regu-
lates TH activity by binding and phosphorylating PP2A (Zhang et
al., 2007a). In the present study, we demonstrated that �syn re-
presses PKC� transcription, suggesting that �syn-mediated re-
pression of PKC� may alter DA synthesis. Importantly, we found
a reduced PKC� expression in �syn-transgenic mouse models,
indicating the �syn overexpression represses the proapoptotic
kinase PKC� in vivo. These results may explain why �syn-
overexpressing mice are resistant to neurodegeneration in dopa-
minergic neurons despite the high accumulation of the protein in
the substantia nigra.

Although our results indicate that p300 pathway is likely the
major pathway controlling the downregulation of PKC� in trans-
genic animal, it is possible that other PKC� downregulation
mechanisms come into play, acting alone or in concert, since
overexpression of �syn was found to significantly alter multiple
signaling pathways, including stress response, transcription fac-
tors, apoptosis-inducing molecules, and membrane-bound pro-
teins (Baptista et al., 2003). Moreover, �syn has been shown to be
able to directly associate with histones and inhibit histone acety-
lation, suggesting a direct role of the protein in regulation of gene
transcription (Goers et al., 2003; Kontopoulos et al., 2006).

We report here for the first time the repression of the PKC�
gene by �syn in dopaminergic neurons mediated through the
transcription factors NF�B and p300. Our results show that �syn
inhibits NF�B transcriptional activity at the level of p65 acetyla-

Figure 11. A proposed model for �-synuclein acting in the cytoplasm to repress PKC� expression and attenuate dopaminergic neurotoxicity. Constitutively activated NF�B p50/p65 het-
erodimers and p300/CBP bind to the two proximal promoter �B sites and modulate PKC� transcription. Expression of �syn, a cytoplasmic protein, inhibits p300-mediated acetylation of p65,
thereby blocking the NF�B biding to PKC� promoter. In addition, �syn reduces p300 protein and its HAT activity, resulting in interruption of binding of p300 to the PKC� promoter and its interaction
with general transcription machinery (GTM), causing inhibition of PKC� transcription. The resulting loss of PKC� expression confers protection because of reduced proteolytic activation of PKC�,
which is a key proapoptotic function of the kinase during neurotoxic insults.
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tion, without affecting NF�B/I�B� nuclear translocation, I�B�
degradation, or NF�B/I�B� protein levels. It should be noted,
however, that acetylation of p65 to mediate NF�B transcriptional
activity may be more complex, as acetylation of discrete lysine
sites may regulate different nuclear functions (Chen et al., 2002).
Independent of regulation of p65 acetylation levels, modulation
of p300/CBP-mediated acetylation of p50 has to be considered as
one mechanism for the inhibition of p50 binding activity (Fig.
5D) by �syn, because acetylation of p50 increases its DNA bind-
ing and further induces NF�B transcriptional activity (Deng et
al., 2003). Moreover, analysis of the PKC� promoter has uncov-
ered multiple potential transcription factor sites. Therefore, it is
also possible that one or more of those factors may contribute to
the attenuation of PKC� expression by �syn.

An important finding of this study is that �syn specifically
decreases p300 protein in vivo and in vitro. Our model introduces
loss of p300 as an underlying mechanism of its reduced HAT
activity. p300 appears to play at least two major roles in �syn-
mediated suppression of PKC�. First, loss of p300 proteins and its
corresponding HAT activity reduces p65 acetylation and binding
activity to PKC� promoter, thereby resulting in downregulation
of PKC�. Second, PKC� gene expression itself may be dependent
on p300. Thus, the depletion of p300 proteins would decrease the
recruitment and binding of p300 onto PKC� promoter, and sub-
sequently may interfere with the interactions between p300 and
NF�B or other transcriptional complexes, eventually blocking
PKC� transcription. However, the mechanism by which �syn
disrupts the p300 protein is unclear. Our unpublished data indi-
cate that �syn does not likely regulate p300 protein level at the
transcriptional level. Additional investigation should reveal
whether �syn inhibits p300 protein by an alternative mechanism,
such as degradation mediated by proteasome as reported previ-
ously (Poizat et al., 2005).

It is important to note that regulation of acetylation of p65
could not be limited to the acetyltransferase activities of p300 and
CBP because deacetylation reactions can also influence the over-
all acetylation status of NF�B. In fact, it has been reported that
p65 is reversibly acetylated by p300 and CBP and subsequently
deacetylated by HDACs, most notably, HDAC3 (Kiernan et al.,
2003). Therefore, the contribution of HDACs to the inhibition of
p65 acetylation by �syn remains to be elucidated. In addition to
acetylation, p65 is also regulated by the modification of phos-
phorylation, which can potentiate the transcription by enhancing
p65 association with the p300/CBP coactivator (Zhong et al.,
2002). The influence of �syn on NF�B transactivation by alter-
ation of p65 phosphorylation status is yet to be determined.

In summary, our results are based on multiple independent
techniques that together elucidate the molecular and cellular
mechanisms underlying the downregulation of PKC� by �syn.
These findings expand the role of �syn in neuroprotection and
have important implications for the development of novel drug
therapies for PD.
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