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We previously demonstrated that protein kinase C� (PKC�;
PKC delta) is an oxidative stress-sensitive kinase that plays a
causal role in apoptotic cell death in neuronal cells. Although
PKC� activation has been extensively studied, relatively little is
known about the molecular mechanisms controlling PKC�
expression. To characterize the regulation of PKC� expression,
we cloned an �2-kbp 5�-promoter segment of the mouse Prkcd
gene. Deletion analysis indicated that the noncoding exon 1
region containedmultiple Sp sites, including four GC boxes and
one CACCC box, which directed the highest levels of transcrip-
tion in neuronal cells. In addition, an upstream regulatory
region containing adjacent repressive and anti-repressive ele-
ments with opposing regulatory activities was identified within
the region�712 to�560.Detailedmutagenesis studies revealed
that each Sp site made a positive contribution to PKC� pro-
moter expression. Overexpression of Sp family proteins mark-
edly stimulated PKC� promoter activity without any synergistic
transactivating effect. Furthermore, experiments in Sp-defi-
cient SL2 cells indicated long isoform Sp3 as the essential acti-
vator of PKC� transcription. Importantly, both PKC� promoter
activity and endogenous PKC� expression in NIE115 cells and
primary striatal cultures were inhibited by mithramycin A. The
results from chromatin immunoprecipitation and gel shift
assays further confirmed the functional binding of Sp proteins
to the PKC� promoter. Additionally, we demonstrated that
overexpression of p300 or CREB-binding protein increases the
PKC� promoter activity. This stimulatory effect requires intact
Sp-binding sites and is independent of p300histone acetyltrans-
ferase activity. Finally, modulation of Sp transcriptional activity
or protein level profoundly altered the cell death induced by
oxidative insult, demonstrating the functional significance of
Sp-dependent PKC� gene expression. Collectively, our findings
may have implications for development of new translational
strategies against oxidative damage.

PKC represents a large family of at least 12 serine/threonine
kinases that participate in a wide variety of cellular events,
including proliferation, cell cycle progression, differentiation,
and apoptosis (1). Based on their structure and substrate
requirements, PKC isoforms are divided into the following
three groups: conventional PKCs (�,�I,�II, and �), novel PKCs
(�, �, �, and �), and atypical PKCs (� and 	/
). As a novel PKC,
PKC� has been recognized as a key pro-apoptotic effector in
various cell types (2, 3). The role of PKC� in nervous system
function is beginning to emerge, and recent studies show that
PKC� plays a role in regulation of receptor and channel activity,
differentiation, migration, and apoptosis (4). In addition to
lipid-mediated activation and phosphorylation activation, a
new pathway of PKC� activation, proteolytic cleavage, was dis-
covered recently. Previously, we showed that PKC� is an oxida-
tive stress-sensitive kinase and that persistent activation of
PKC� by caspase-3-mediated proteolytic cleavage is a key
mediator in oxidative stress-induced dopaminergic neurode-
generation (5–9). Alternatively, pharmacological inhibition of
PKC� and depletion of PKC� by siRNA are each sufficient to
prevent dopaminergic neurodegeneration in cell culture and
animal models of Parkinson disease (10–12). We also showed
that PKC� negatively regulates tyrosine hydroxylase activity
and dopamine synthesis by enhancing protein phosphatase 2A
activity in dopaminergic neurons (13). An elevated striatal
dopamine level was observed in PKC� knock-out mice as com-
pared with wild-type mice, further demonstrating a key role of
the kinase in the nigrostriatal dopaminergic function (13). In
addition, increased PKC� activity, caused by aberrant expres-
sion of PKC�, has been implicated in disease conditions, such as
ischemia/hypoxia (14–17) and cancer (18–28). Therefore, an
understanding of the molecular mechanisms that control the
amount and activity of PKC� is of physiological and pathophys-
iological interest.
PKC� is ubiquitously expressed although the expression pat-

tern is varied and complex (29–32). Evidence suggests that
diverse stimuli can induce PKC� expression (33–35, 37–39),
but the detailed mechanisms responsible for transcriptional
regulation of PKC�, especially in neuronal cells, have never
been explored. The PKC� promoter is surprisingly complex
and does not contain a TATA box. The considerably long
5�-untranslated region, as long as 675 bp in rat, is rarely found
among the PKC family (40, 41). Moreover, a huge distance,
nearly 17 kb in human and 12 kb in rat and mouse, is revealed
between the transcription start and translation start sites (40,
41). To our knowledge, only a few studies have documented the
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functional elements in the PKC� promoter or the characteris-
tics of the factors involved in the control of PKC� transcription
(42–45). In this study, we analyzed the mouse PKC� promoter
to identify the transcriptional mechanisms underlying neuro-
nal PKC� expression. By combining cell biological and molec-
ular and biochemical approaches, we cloned �2 kb of mouse
PKC� promoter, characterized multiple DNA regulatory ele-
ments that positively or negatively regulate PKC� gene expres-
sion, and identified members of the Sp protein family of
transcription factors, particularly the long Sp3 isoform, as fun-
damentally critical determinants of basal PKC� gene transacti-
vation. Furthermore, we also report that manipulation of PKC�
transcription through pharmacological inhibition of Sp trans-
activation or expression of a dominant-negative Sp3 effectively
afforded an increased resistance to oxidative stress damage.

EXPERIMENTAL PROCEDURES

Reagents—Mithramycin A (MA)2 and hydrogen peroxide
(H2O2) were purchased from Sigma. Antibodies against PKC�,
phospho-PKC� (Thr507), Sp1, Sp3, and Sp4 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). SYTOX�
Green fluorescent dye, Lipofectamine 2000 reagent, and all cell
culture reagentswere obtained from Invitrogen.Acetyl-DEVD-
amino-4-methylcoumarin was obtained from Bachem (King of
Prussia, PA).
Cloning of the 5�-Flanking Region of Prkcd Gene and Plasmid

Construction—The 2.0-kb (�1694/�289) mouse PKC� pro-
moter sequence was amplified by fusion PCR from mouse
genomic DNA prepared from the MN9D cells. Briefly, the
�1694/�1193 and�1217/�289 fragments of themouse PKC�
promoter first were amplified using mouse genomic DNA as a
template and the primer sets P�1694F/P�1193R1 and
P�1217F/P�289R (for all primers see supplemental Table S1),
respectively. The two gel-purified PCR products then were
mixed and used as a template to amplify the �1694/�289 frag-
ment with the primer set P�1694F/P�289R. The conditions
used in this second PCR were as follows: 95 °C for 2 min; 25
cycles of 95 °C for 45 s, 57.5 °C for 30 s, and 68 °C for 2min; and
68 °C for 5 min. The resultant 2.0-kb PKC� promoter fragment
was inserted into XhoI/HindIII sites of pGL3-Basic lucifer-
ase vector (Promega, Madison, WI) and designated as
pGL3�1694/�289. Using pGL3�1694/�289 as a template, a
series of truncated PKC� promoter reporter constructs were
constructed by PCR with appropriate primers and cloned into
pGL3-Basic vectors, similar to the preparation of pGL3�1694/
�289. To generate the reporter plasmid pGL3�promoter�660/
�561, fragment �660/�561 was PCR-amplified and inserted
into the upstream of the SV40 promoter in pGL3�promoter
vector (Promega). For construction of pGL3�660/�561 plus
�2/�289, primer pairs P�660F/P�561�2R and P�561�2F/
P�289R were used for application of fragments �660/�561
and �2/�289, respectively. The fusion fragment �660/�561

plus �2/�289 was then amplified by the fusion PCR technique
as described above using the primers P�660F/P�289R, fol-
lowed by cloning into pGL3-Basic vector. To generate plasmids
pGL3�147/�2 plus �2/�289 or pGL3�147/�2 plus �289/
�2, fragment�2/�289 was PCR-amplified using a primer pair
P�2F/P�289R that included a flanking XhoI site at both ends,
digested with XhoI, and cloned in either orientation into the
pGL3�147/�2 reporter construct at the distant SalI site down-
stream of the luciferase gene. All reporter constructs were ver-
ified by DNA sequencing.
The expression plasmid bearing the cDNAofGFP-PKC�was

a kind gift from Dr. Mary Reyland, University of Colorado
Health Sciences Center (Denver), and the pEGFP-C1 control
vector was purchased fromClontech. The constructs for mam-
malian expression of pN3-Sp1, pN3-Sp4, and pN3-Sp3 FL
encoding both long and short isoforms of Sp3 (46), the Dro-
sophila actin promoter-driven expression vectors for Sp1
(pPac-Sp1), the short isoforms of Sp3 (pPac-Sp3), the long iso-
forms of Sp3 (pPac-USp3), the full length of Sp3 (pPac-Sp3 FL,
which is equivalent to the mammalian vector pN3-Sp3FL), Sp4
(pPac-Sp4), and �-galactosidase (p97b) (47), and the “empty”
control vectors pN3 andpPac0were generously provided byDr.
G. Suske (Philipps-Universität Marburg, Germany). The plas-
mid pPac-Sp2 (48) was a kind gift from Dr. Dieter Saur (Tech-
nische Universität München, Germany). The p300 wild-type
expression plasmid pCI-p300 and its histone acetyltransferase
(HAT) deletionmutant, pCI-p300�HAT, were kindly provided
by Dr. Joan Boyes (Institute of Cancer Research, UK) and gen-
erated as described previously (49). The empty vector pCIneo
was a gift fromDr. Christian Seiser (University of Vienna, Aus-
tria). The expression plasmid pcDNA-CBP (50) was a gift from
Dr. Xiang-Jiao Yang (McGill University, Canada). To generate
the expression vector for dominant-negative form of Sp3
(amino acid 540–781), pN3-DN-Sp3 (51), the appropriated
cDNA fragment was PCR-generated from pN3-Sp3 with the
following primer pair: forward, 5�-ATATATCTCGAGACCA-
TGGAGAATGCTGACAGTCCTG-3� and reverse, 5�-ATAT-
ATAAGCTTTCAATGGTGATGGTGATGATGCTCCATT-
GTCTCATTTCC-3�. The PCRproductwas then subcloned into
thepN3vector.Togenerate the luciferase-reporter plasmids, Sp1-
Luc and mSp1-Luc (51), which contains three consensus Sp1-
binding sites underlined from SV40 promoter and three mutant
Sp1-binding sites, respectively, the oligonucleotides with the
sequences (Sp1-Luc, 5�-ATATATCTCGAGCGCGTGGGCGG-
AACTGGGCGGAGTTAGGGGCGGGAAAGCTTATATAT-
3�; mSp1-Luc, 5�-ATATATCTCGAGCGCGTGTTTTGAACT-
GTTTTGAGTTAGGTTTTGGAAAGCTTATATAT-3�) were
synthesized, annealed, and subcloned into the pGL3-Basic lucif-
erase vector. To build the eukaryotic expression plasmid
pcDNA-Sp2, Sp2 cDNAwas cut outwithXhoI from thepPac-Sp2
construct and inserted into the XhoI site of the pcDNA3.1 vector
(Invitrogen).
Site-directed Mutagenesis—Point mutations of potential

transcription elements (GC and CACCC motifs) were intro-
duced into the proximal PKC� promoter reporter plasmid
pGL3�147/�289, pGL3�147/�209, or pGL3�165/�289
by using the GeneTailor site-directed mutagenesis system

2 The abbreviations used are: MA, mithramycin A; HAT, histone acetyltrans-
ferase; H2O2, hydrogen peroxide; TFBS, transcription factor-binding sites;
TSS, transcription start site; NRE, negative regulatory element; PKC�, pro-
tein kinase C�; PD, Parkinson disease; CBP, cAMP-response element-bind-
ing protein-binding protein.
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(Invitrogen) with overlapping PCR primers as indicated in sup-
plemental Table S1, according to the manufacturer’s instruc-
tions. To generate double mutants, plasmids carrying a single
mutation were used as a template to further introduce the sec-
ond mutation. For triple mutants, plasmids carrying double
mutations were utilized. The mutated sequences of all mutants
were confirmed by DNA sequencing.
Primary Mouse Striatal Neuronal Culture and Treatment—

Plates (6-well) were coated overnight with 0.1 mg/ml poly-D-
lysine. Striatal tissue was dissected from gestational 16–18-
day-old murine embryos and kept in ice-cold Ca2�-free Hanks’
balanced salt solution. Cells then were dissociated in Hanks’
balanced salt solution containing trypsin, 0.25% EDTA for 30
min at 37 °C. After enzyme inhibition with 10% heat-inacti-
vated fetal bovine serum (FBS) in Dulbecco’s modified Eagle’s
medium, the cells were suspended in Neurobasal medium sup-
plemented with 2% Neurobasal supplement (B27), 500 �M

L-glutamine, 100 units penicillin, and 100 units streptomycin,
plated at 2 � 106 cells in 2 ml/well, and incubated in a humid-
ified CO2 incubator (5% CO2 and 37 °C). Half of the culture
medium was replaced every 2 days, and experiments were con-
ducted using cultures between 6 and 7 days old. After exposure
to doses ofmithramycinA ranging from0.5 to 5�M for 24 h, the
primary striatal cultures were subjected to quantitative real
time RT-PCR or immunocytochemical analysis.
Cell Lines, Transient Transfections, andReporterGeneAssays—

The mouse dopaminergic MN9D cell line was a generous gift
fromDr. Syed Ali (National Center for Toxicological Research/
Food andDrugAdministration, Jefferson,AR). Themouse neu-
roblastoma NIE115 cell line was a kind gift from Dr. Debomoy
Lahiri (Indiana University School of Medicine, Indianapolis).
The Drosophila SL2 cell line was purchased from ATCC
(Manassas, VA). NIE115 andMN9D cells were cultured inDul-
becco’s modified Eagle’s medium supplemented with 10% FBS,
2 mM L-glutamine, 50 units of penicillin, and 50 units of strep-
tomycin (37 °C, 5% CO2). For H2O2 treatment studies, before
addition ofH2O2 (final concentration 0.5–2.0mM),MN9Dcells
were switched to serum-free Dulbecco’s modified Eagle’s
medium supplemented with 1� B27 supplement. Drosophila
SL2 cells were maintained at 23 °C without CO2 in Schneider’s
Drosophilamedium containing 10% FBS.
Transient transfections ofNIE115 andMN9Dcells were per-

formed using Lipofectamine 2000 reagent according to the
manufacturers’ instructions. Cells were plated at 0.3 � 106
cells/well in 6-well plates 1 day before transfection. Each trans-
fection was performed with 4 �g of reporter constructs along
with 0.5 �g of pcDNA3.1-�gal (Invitrogen) used to monitor
transfection efficiencies. Cells were harvested at 24 h post-
transfection, lysed in 200 �l of reporter lysis buffer (Promega),
and assayed for luciferase activity. For cotransfection assays,
various amounts of expression plasmids as indicated in figures
were added to the reporter plasmids. The total amount of DNA
was adjusted by adding an empty vector. In some experiments,
mithramycin A (0–5 �M) was added 4 h after DNA transfec-
tion, and luciferase activity was measured 24 h later. For trans-
fection of SL2 cells, 1 day before transfection, cells were plated
onto 6-well plates at a density of 2.1� 106 cells/well. Cells were
transfected using the calcium phosphate transfection kit (Invit-

rogen), as described previously (52). Each well received 4 �g of
reporter construct, 4 �g of �-galactosidase expression plasmid
p97b for normalization of transfection efficiencies, and varying
amounts (0–4 �g) of the fly Sp expression plasmids. DNA
amounts of expression plasmids were compensated with the
empty plasmid pPac0. After 24 h of transfection, the medium
was changed, and 24 h later the cells were harvested, lysed by
freeze-thawing in 200 �l of 0.25 M Tris-HCl (pH 7.8), and
assayed for luciferase activity.
Luciferase activity was measured on a Synergy 2 MultiMode

Microplate Reader (BioTek,Winooski, VT) using the luciferase
assay system (Promega), and �-galactosidase activity was
detected using the �-galactosidase enzyme assay system (Pro-
mega). The ratio of luciferase activity to�-galactosidase activity
was used as a measure of normalized luciferase activity.
Quantitative Real Time RT-PCR—Total RNA was isolated

from fresh cell pellets using the Absolutely RNA miniprep kit
(Stratagene, La Jolla, CA). First strand cDNA was synthesized
using an Affinity Script quantitative PCR cDNA synthesis kit
(Stratagene). Real time PCR was performed in an Mx3000P
quantitative PCR system (Stratagene) using the Brilliant SYBR
Green quantitative PCR master mix kit (Stratagene), with
cDNAs corresponding to 150 ng of total RNA, 12.5 �l of 2 �
mastermix, 0.375�l of reference dye, and 0.2�Mof each primer
in a 25-�l final reaction volume. All reactions were performed
in triplicate. Sequences for PKC� primers are shown in supple-
mental Table S1.�-Actinwas used as internal standardwith the
primer set purchased from Qiagen (QuantiTect Primers, cata-
log number QT01136772). The PCR cycling conditions con-
tained an initial denaturation at 95 °C for 10min, followed by 40
cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for
30 s, and extension at 72 °C for 30 s. Fluorescence was detected
during the annealing 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 (Ct)
method (53).
Immunostaining and Microscopy—Immunostaining of PKC�

was performed in primary striatal neurons. Cells grown on cov-
erslips pre-coated with 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 and 5% goat serum in PBS). Cells then were
incubated with the antibody against PKC� (1:1000, Santa Cruz
Biotechnology) overnight. Fluorescently conjugated secondary
antibody (Alexa 568-conjugated anti-rabbit antibody red,
1:1500) was used to visualize the protein. Nuclei were counter-
stainedwithHoechst 33342 for 3min at a final concentration of
10 �g/ml. Finally, images were viewed using an oil immersion
60� Plan Apo lens with a 1.45 numerical aperture on a Nikon
inverted fluorescence microscope (model TE2000, Nikon,
Tokyo, Japan). Images were captured with a SPOT color digital
camera (Diagnostic Instruments, Sterling Heights, MI) and
processed using Metamorph 5.07 image analysis software
(Molecular Devices). For quantitative analysis of immunofluo-
rescence, wemeasured average pixel intensities from the region
of interest using the Metamorph 5.07 image analysis software.
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Immunoblotting—Cell lysates were prepared as described
previously (12). Immunoblotting was performed as described
previously (12). Briefly, the samples containing equal amounts
of proteinwere fractionated through a 7.5–15%SDS-PAGE and
transferred onto a nitrocellulose membrane (Bio-Rad). Mem-
branes were blotted with the appropriate primary antibody and
developed with either IRDye 800 anti-rabbit or Alexa Fluor 680
anti-mouse secondary antibodies. The immunoblot imaging
was performed with an Odyssey Infrared Imaging system (LI-
COR, Lincoln, NE).
Nuclear Extract Preparations and EMSA—NIE115 nuclear

extract was prepared as described previously (54). For EMSAs,
the IRDye 700-labeled complementary single-stranded oligo-
nucleotides corresponding to sequences �205 to �236 of the
mouse PKC� promoter were synthesized (LI-COR), annealed,
and used as labeled probe. The unlabeled competitor oligonu-
cleotides were obtained from Integrated DNA Technologies,
Inc. (Coralville, IA). The sequences of oligonucleotides used for
EMSAs are illustrated in supplemental Table S2. In each reac-
tion, 50 fmol of labeled probes and 10 �g of nuclear extracts
were added. The resulting DNA-protein complexes were
resolved on a 7% nondenaturing polyacrylamide gel and ana-
lyzed on theOdyssey imaging system (LI-COR). In competition
experiments, before the addition of the labeled probe, nuclear
extracts were preincubated for 30 min at room temperature
with a 100-fold molar excess of unlabeled competitor
oligonucleotides.
Chromatin Immunoprecipitation (ChIP)—ChIP assays were

conductedwith chromatin isolated fromNIE115 cells using the
ChIP-IT Express enzymatic kit fromActiveMotif, according to
the manufacturer’s instructions with slight modifications.
Briefly, after cross-linking, the nuclei were prepared and
applied to enzymatic digestion to generate chromatin frag-
ments between 200 and 1500 bp. The sheared chromatin was
collected by centrifugation, and a 10-�l aliquot was removed to
serve as a positive input sample. Aliquots of 70-�l sheared chro-
matin were immunoprecipitated with 3 �g indicated antibody
and protein-G magnetic beads. Equal aliquots of each chroma-
tin sample were saved for no-antibody controls. The immuno-
precipitated DNA was analyzed by PCR using PKC�-specific
primer set P�2F/P�289R as indicated in supplemental Table
S1 to amplify a region (�2 to�289) within the PKC� promoter.
Conditions of linear amplificationwere determined empirically
for these primers. PCR conditions are as follows: 94 °C 3 min;
94 °C 30 s, 59 °C 30 s, and 68 °C 30 s for 35 cycles. PCR products
were resolved by electrophoresis in a 1.2% agarose gel and visu-
alized after ethidium bromide staining.
DNA Fragmentation Assays—DNA fragmentation assay was

performed using a cell death detection ELISA Plus kit as
described previously (5). Briefly, after treatment with various
doses of H2O2 for 20 h, MN9D 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 then was used to measure
DNA fragmentation as per the manufacturer’s protocol. Mea-
surements were made at 405 and 490 nm using a SpectraMax
190 spectrophotometer (Molecular Devices).

SYTOX� Green Cytotoxicity Assays—Cell death was deter-
mined after exposing the MN9D cells to H2O2 using the
SYTOX� Green cytotoxicity assay, as described previously (7).
SYTOX� Green dye is a vital probe of low background fluores-
cence that is excluded from cells with intact membranes, but it
labels nucleic acids in cells that have impairedmembrane integ-
rity to produce green fluorescence (55, 56). In brief, after treat-
ment with H2O2 (0.5–1 mM) for the indicated time periods,
SYTOX� Green fluorescent dye (1 �M) was added and incu-
bated for 1 h at 37 °C. The cytotoxic cell death was then quan-
tified by measuring DNA-bound SYTOX� Green fluorescence
using the Synergy 2 MultiMode Microplate Reader (excitation
485 nm; emission 538 nm).Also, fluorescent images of SYTOX-
positive cells were taken with a Nikon TE2000microscope, and
pictures were captured with a SPOT digital camera.
Caspase-3 Enzymatic Assays—Caspase-3 activity was meas-

ured as described previously (57). Briefly, after treatmentwith 1
mMH2O2,MN9D cells were resuspended in caspase lysis buffer
(50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 10 mM EGTA, and 10
�M digitonin) at 37 °C for 20 min. Lysates were prepared by
centrifuge and then incubated with a specific fluorescent sub-
strate, Ac-DEVD-amino-4-methylcoumarin (50 �M), at 37 °C
for 1 h. Caspase-3 activity was then measured using a Spectra-
MaxGeminiXSMicroplate Reader (MolecularDevices, Sunny-
vale, CA) with excitation at 380 nm and emission at 460 nm.
The caspase-3 activity was calculated as fluorescence units/mg
of protein.
Bioinformatics—The search for phylogenetic sequence con-

servation among rat, human, and murine PKC� promoter was
conductedwith the programDiAlignTF (Genomatix Software)
(58). This program identifies common transcription factor-
binding site (TFBS)matches located in aligned regions through
a combination of alignment of input sequences using the pro-
gram DiAlign with recognition of potential TFBS by MatIn-
spector software (Genomatix Software) (59).
Statistical Analysis—Unless otherwise stated, all data were

determined from three independent experiments, each done in
triplicate, and expressed as average values � S.E. All statistical
analyses were performed using the GraphPad Prism 4.0 soft-
ware (GraphPad Software, San Diego). One-way analysis of
variance test followed by the Tukey multiple comparison test
were used for statistical comparisons, anddifferenceswere con-
sidered significant if p values less than 0.05 were obtained.

RESULTS

Identification of DNA Elements Involved in Transcriptional
Regulation of Mouse Prkcd Gene—The mouse Prkcd gene,
located onmouse chromosome 14, includes 18 exons that span
�20 kb (Fig. 1A). The PKC� promoter lacks a TATA box and
contains GC-rich sequences in the proximal promoter region.
Furthermore, examination of the PKC�promoter did not reveal
the classic initiator elements or the downstream promoter ele-
ments, which are located at various distances downstream of
the transcription start site (TSS) and are utilized by most
TATA-less promoters to initiate transcription, suggesting that
theremight be other promotermotifs involved in the regulation
of PKC� gene transcription. To facilitate analysis of the regula-
tion of the PKC� promoter, an�2-kbp fragment containing the
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putative PKC� promoter (1694 bp), as well as partial sequences
of the first, noncoding exon (289 bp), was amplified by the
fusion PCR technique from MN9D cells. This sequence has
been deposited in the GenBankTM under accession number
GU182370. The resulting �1694/�289 region of the PKC�
promoter was placed upstream of the pGL3-Basic vector,
designated as pGL3�1694/�289, and it was transiently
transfected into NIE115 and MN9D cells along with the
pcDNA3.1-�gal plasmid to monitor transfection efficiency.
Luciferase activity of this construct increased nearly 30-fold as
compared with the pGL3-Basic control, suggesting that this
2-kb sequence possesses functional promoter activity in both
cells (Fig. 1, B and C). To further delineate the location of func-
tional elements that govern the PKC� promoter activity, we
introduced a series of truncated promoter fragments in the
pGL3�1694/�289 construct by PCR and cloned into the
pGL3-Basic vector. Both NIE115 and MN9D cells displayed
similar profiles of reporter activity upon transfectionwith these
reporter constructs. Two constructs pGL3�147/�289 and
pGL3�2/�289, which contain sequences with high GC con-
tent in the proximal first exon, each exhibited a maximal lucif-
erase activity that averaged �260% of the activity of the
pGL3�1694/�289 construct in both cells. Furthermore, lack of
the sequence from�2 to�289 led to near background reporter
activity in six truncated promoter constructs (pGL3�1694/
�148, pGL3�1694/�659, pGL3�1694/�1193, pGL3�1192/
�659, pGL3�1192/�148, and pGL3�660/�148). Thus, these
data suggest the particular importance of the GC-rich

sequences in the region between �2 and �289 for sustaining
PKC� gene transcription in neuronal cells. It should be noted
that a vector, pGL3�147/�2 containing the �147/�2 frag-
ment in which the basal promoter region was placed to drive
luciferase expression, demonstrated modest transcriptional
activity (average activity in both cells, �45% of that produced
by the construct pGL3�1694/�289). Addition of the 5�-frag-
ment of �660 to �147 into the pGL3�147/�289 construct
resulted in a complete loss of activity in construct pGL3�660/
�289, indicating the presence of a strong repressive element
that negatively regulated transcription activity within the�660
to �147 region. Further addition of the 5�-sequence from
�1192 to �660 into the pGL3�660/�289 construct partially
blocked this repressive effect, indicating that the region
(between 1192 and �660) contained either an enhancer ele-
ment or an anti-repressor element that overcame the repres-
sion. Construct pGL3�1192/�660, however, displayed no
luciferase activity in either cell line, and thus, within this region
(�1192 to �660 bp) an anti-repressive element existed but not
an enhancer element. The region between �1694 and �1193
may contain a weak inhibitory cis-element, as deletion of this
�500 bp from the construct pGL3�1694/�289 resulted in a
slight increase in the promoter activity. Taken together, these
results demonstrate that the PKC� promoter contains multiple
positive and negative regulatory elements in NIE115 and
MN9D cells. The GC-rich region located between bp �2 and
�289 contains a sequence of nucleotides necessary for tran-
scription of the mouse Prkcd gene, and the sequence between

FIGURE 1. Deletion analysis of PKC� promoter activity in NIE115 and MN9D cells. A, schematic diagram of mouse PKC� gene structure on chromosome 14.
Exons are marked by boxes and are numbered below each box, and black and white regions within the boxes indicate the coding and noncoding exons,
respectively. Arrow indicates the position of the translation start codon (ATG). B, schematic representation of PKC� promoter deletion/luciferase reporter
constructs. An extensive series of PKC� promoter deletion derivatives was generated by PCR methods and inserted into the pGL3-Basic luciferase vector. The
5�- and 3�-positions of the constructs with respect to the transcription start site are depicted. C, each construct as shown in B was transiently transfected into
NIE115 (black bar) and MN9D (white bar) cells. Cells were harvested 24 h after transfection, and luciferase activities were determined. The plasmid
pcDNA3.1-�gal was included in each transfection to normalize the promoter activity with transfection efficiency. The activity of full-length promoter construct
(pGL3�1694/�289) was arbitrarily set to 100, and the relative luciferase activity of the other constructs was calculated accordingly. The results represent the
mean � S.E. of three independent experiments performed in triplicate.
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�660 to �147 and 1192 to �660 contains a strong negative
regulatory element (NREI) and an anti-repressive element with
opposing activities controlling PKC� gene expression. The
region of �1694 to �1193 also contains a weak negative regu-
latory element (NREII).
Next, the identified negative regulatory element and anti-

repressive element within the region between�1192 and�148
were investigated in more detail. First, to define the borders of
these regulatory elements more precisely, series of detailed
5�-deletions were constructed in this region and tested for their
relative transcriptional activity utilizing the �147/�289 frag-
ment as the base line. As shown in Fig. 2, A and B, in either
MN9D or NIE115 cells, the anti-inhibitory effect of the anti-
repressive element was retained, even after deletion of the
sequence between nucleotides �1192 and �712. However,
the anti-inhibitory effect was completely abolished when the
sequence between�712 and�660was deleted, suggesting that
the anti-repressive element resides between the nucleotides

�712 and �660. Further deletion of the region between �660
and �560 restored almost full promoter activity; however, all
six of the 5�-deletion constructs from �560 to �197 exhibited
comparable transcriptional activities to that of the �147/�289
fragment. This suggests that the NREI is limited to the region
between �660 and �560.
Two functional types of NRE have been defined as follows:

promoter-specific NRE and the so-called silencer elements that
are able to repress promoter activity in an orientation- and
position-independent fashion, as well as in the context of both
native and heterologous promoters (60). To further character-
ize the functional properties of theNREI in the PKC�promoter,
a chimeric fragment corresponding to the transcriptionally
inhibited sequence from �660 to �561 was subcloned im-
mediately 5� of the PKC� proximal promoter construct
pGL3�147/�289 to obtain pGL3�660/�561 plus �147/
�289. As shown in Fig. 2C, the repressive activity of this region
was significantly attenuated, and indeed, the luciferase activity

FIGURE 2. Mapping of the identified repressive and anti-repressive elements within the PKC� promoter and evidence for the PKC� promoter-specific
repressive element. A, schematic representation of PKC� promoter 5�-deletion constructs used for the fine mapping study. The 5�- and 3�-positions of the
constructs with respect to the transcription start site are depicted. B, each construct as depicted in A was transiently transfected into NIE115 (black bar) and
MN9D (white bar) cells. Cells were harvested 24 h after transfection for assaying luciferase activities. The plasmid pcDNA3.1-�gal was cotransfected into cells for
data normalization. The activity of pGL3�147/�289 was arbitrarily set to 100, and the relative luciferase activity of the other constructs is presented. The results
represent the mean � S.E. of three independent experiments performed in triplicate. C, isolated repressive element of the PKC� promoter does not function
as a locus-independent DNA element. The sequences around the identified repressive element (�660 to �561 of the PKC� promoter) were directly fused to the
5�-end of the region between �147 to �289 of the PKC� promoter and cloned into the pGL3-Basic luciferase vector to obtain pGL3�660/�561 plus
�147/�289. NIE115 (black bar) and MN9D cells (white bar) were transfected with pGL3�147/�289 or pGL3�660/�561 plus �147/�289 for 24 h, and
luciferase activity was determined. Schematic diagram of these constructs are shown at the right. The activity of pGL3�147/�289 was set to 100, and the
relative luciferase activity of pGL3�660/�561 plus �147/�289 is presented. The results represent the mean � S.E. of three independent experiments
performed in triplicate. D, isolated repressive element of the PKC� promoter does not act on a heterologous promoter (SV40). The sequences of the putative
PKC� repressive element (�660 to �561 of the PKC� promoter) were cloned upstream of the SV40 promoter in pGL3�promoter vector to obtain
pGL3�promoter-660/�561. NIE115 (black bar) and MN9D (white bar) cells were transfected with pGL3�promoter or pGL3�promoter-660/�561 for 24 h, and
luciferase activity was determined. Schematic diagram of these constructs are shown at the right. The activity of pGL3�promoter was set to 100, and the
relative luciferase activity of pGL3�promoter-660/�561 is given. The results represent the mean � S.E. of three independent experiments performed in
triplicate.
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inMN9Dcellswas actually increased, suggesting that the inhib-
itory activity of this repressive element is dependent upon its
physical location in the PKC� promoter. Furthermore, when
the same fragment was placed 5� upstream of the heterologous
SV40 early promoter (pGL3 promoter�660/�561, see Fig. 2D),
no repressive activity was observed in either NIE115 or MN9D
cells. Taken together, these data demonstrate that the NREI in
the PKC� promoter is functioningmechanistically as a promot-
er-specific repressive element but not as a classic transcrip-
tional silencer element.
Five Sp Sites Act as Crucial cis-Elements Regulating the PKC�

Promoter—We further concentrated our studies on the
sequences with high GC content between �2 and �289
because experiments described earlier suggested the critical

role of this proximal 288-bp region in the regulation of mouse
PKC� transcription. A comparison of this region with the cor-
responding regions of the rat and human PKC� genes using a
DiAlign TF program (59) revealed that this region is conserved
between all three species; the identities are 89, 60, and 61%
between rat andmouse, human andmouse, and human and rat,
respectively (Fig. 3A). Furthermore, the regions of all species
are GC-rich and contain �66% GC content. Subsequent anal-
ysis with the programMatInspector (59) revealed the presence
of a number of potentially important transcription factor-bind-
ing sites that are phylogenetically conserved among all species
(identities are more than 95%), including four consecutive GC
boxes (consensus GGGGCGGGG) designated GC(1) to GC(4)
within �250 bp downstream of the TSS. In addition, a CACCC

FIGURE 3. Functional analysis of the PKC� proximal promoter. A, sequence comparison of the mouse PKC� promoter region between �2 to �289 with the
corresponding regions of the rat and human PKC� promoters. Sequences were aligned with the DiAlign TF program. Sequence differences are indicated, and
gaps introduced to maximize homology are marked by dashes. Phylogenetically conserved TFBS as well as the CACCC box present only in the mouse PKC�
promoter are indicated (overlined). B, schematic representation of the wild-type or mutated PKC� promoter reporter constructs containing targeted substitu-
tions in the Sp-binding sites. The potential Sp sites are indicated at the top. The mutated site is marked with �, and the nonmutated Sp sites are indicated by
either circle or square. C, wild-type or mutated reporter constructs as shown in B were individually transfected into NIE115 (black bar) and MN9D (white bar) cells,
and luciferase activities were assayed after 24 h. To adjust for transfection efficiency, the plasmid pcDNA3.1-�gal was included in each transfection. The activity
of wild-type construct (pGL3�147/�289) was arbitrarily set to 100, and promoter activity of the mutants is expressed as a percentage of the wild-type
construct. The results represent the mean � S.E. of three independent experiments performed in triplicate. The sequences of wild-type and mutated Sp site are
shown at the right side of the bar graph. The substituted nucleotides are shown in boldface. D, absence of enhancer elements in the GC-rich sequence
(�2/�289) of the mouse PKC� promoter in NIE115 cells. The PKC� promoter GC-rich sequence (�2 to �289) was cloned in both orientations into the SalI site of
the pGL3�147/�2 reporter constructs as described under “Experimental Procedures.” These constructs were individually transfected into NIE115 cells for 24 h,
and luciferase activity was determined. Luciferase activity was normalized with �-galactosidase. The right panel shows the schematic diagram of the constructs.
The activity of pGL3�147/�2 was set to 1, and the relative luciferase activity of all other constructs were calculated and expressed as fold of pGL3�147/�2.
The results represent the mean � S.E. of three independent experiments performed in triplicate.
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box (also called GT box) that matches consensus CCACCCC
was found at position �35 bp downstream of the TSS (Fig. 3A).
GC boxes, GT/CACCC box, and related GC-richmotifs, which
are frequently designated Sp sites, often act as the binding sites
for Sp transcription factors to regulate the basal and induced
transcription of the core promoter as well as operate as essen-
tial enhancer sequences (61, 62). The functional importance of
different Sp-binding sites for transactivation of the PKC� pro-
moter was investigated by site-directed mutagenesis of these
binding sites within the context of the PKC� reporter construct
pGL3�147/�289. Transient transfections of NIE115 and
MN9D cells were carried out with thesemutant constructs, and
promoter activity was determined and expressed relative to
that of the wild-type construct. As shown in Fig. 3, B and C, the
mutation of the CACCC box at �35 slightly diminished pro-
moter activity in NIE115 (�15%) and MN9D (�10%) cell lines
as compared with the wild-type construct. Alteration of the
most distal GC(4) site at �256 displayed �12 and 30% reduc-
tion in promoter activity over the wild-type construct in
NIE115 and MN9D cells, respectively, whereas the inhibition
observed with the GC(3) mutant, located just upstream of
GC(4), was more pronounced, (reduced by �30 and 40% in
NIE115 andMN9D cells, respectively). In contrast, mutation of
either the proximal GC(2) box or GC(1) box caused major dec-
rements in reporter activity (�50 and 55% elimination in
NIE115 and MN9D cells, respectively), suggesting that GC(2)
and GC(1) represent more important motifs in activating the
PKC� promoter in comparison with the GC(3), GC(4), and
CACCC sites. To investigate the regulatory interplay of differ-
ent Sp sites, we performed simultaneous mutations of different
Sp sites, and more reductions in promoter activity were seen
with this strategy, thus suggesting that a functional synergism
between these Sp sites is critical for the PKC�promoter activity.
For example, double mutations ablating the CACCC box with
the GC(3) box, or GC(2) box, or GC(1) box resulted in a reduc-
tion of promoter activity by �60% in both cell lines. However,
double mutations of GC(3) and GC(2) boxes, or GC(3) and
GC(1) boxes, reduced the activity of the PKC� promoter in
NIE115 and MN9D cells by �73 and 80%, respectively. A fur-
ther reduction in promoter activity by �95% occurred when
both theGC(2) box andGC(1) box weremutated. Finally, triple
mutations of CACCC, GC(2), and GC(1) sites, or triple muta-
tions of GC(3), GC(2), and GC(1) sites entirely abolished the
PKC� promoter activity. Taken together, these functional data
suggest that GC(1) and GC(2) sites, and less significantly,
GC(3), GC(4), and CACCC sites, are critical cis-elements for
constitutive expression of PKC� in neuronal cells. In addition,
these Sp sites can cooperate in an additive manner to regulate
the PKC� promoter transactivation.

Given the great enhancing effect of the crucial GC-richmotif
from�2 to�289 bp on the transcriptional activity of the PKC�
basal promoter region�147 to�2 (Fig. 1), we next investigated
whether this GC-rich domain is sufficient to function as an
enhancer element in NIE115 cells. To address this, the
sequences around the region between �2 and �289 were sub-
cloned in either orientation into the pGL3�147/�2 reporter
construct, at the distant SalI site downstream of the luciferase
stop codon (pGL3�147/�2 plus �2/�289 or pGL3�147/�2

plus �289/�2, see Fig. 3D). Then the relative transcriptional
strength of these constructs wasmeasured in NIE115 cells. The
results showed that, somewhat surprisingly, the GC-rich motif
in either orientation and at some distance completely lost the
ability to enhance transcription compared with the vector
pGL3�147/�289 (Fig. 3D). These data demonstrate that the
GC-rich fragment is distance- and orientation-dependent, and
thus it cannot operate as a classic enhancer element for PKC�
transcription in NIE115 cells.
PKC� Promoter Expression Is Stimulated by Sp1, Sp2, Sp3,

and Sp4 in NIE115 Cells and MN9D Cells—The Sp family
members, including Sp1, Sp2, Sp3, and Sp4, are the major tran-
scription factors that bind to theGC box, GT/CACCCbox, and
other closely related GC-rich motifs. Sp1, Sp2, and Sp3 are
ubiquitously expressed in mammalian cells, whereas Sp4
expression is restricted to brain tissue (62). All of them share
the same target sequences with similar binding affinities. To
assess the functional significance of those Sp family proteins for
the activity of mouse PKC� promoter, various amounts (from 4
to 8 �g) of expression vectors for Sp1 (pN3-Sp1), Sp2
(pcDNA-Sp2), the full length of Sp3 (pN3-Sp3 FL encoding
both long and short isoforms of Sp3), Sp4 (pN3-Sp4), and
empty vectors (pN3 or pcDNA3.1) were individually cotrans-
fected along with the PKC� promoter construct pGL3�147/
�289 into NIE115 and MN9D cells. Normalized luciferase
activities were expressed as fold induction over cotransfections
with empty vectors. As shown in Fig. 4A, all four Sp proteins
exhibited a dose-dependent activation of PKC� luciferase activ-
ity in NIE115 cells, with Sp3 being the most potent transactiva-
tor (1.4–2.3-, 1.2–1.6-, 1.4–3.1-, and 1.4–2.4-fold stimulation
for Sp1, Sp2, Sp3, and Sp4, respectively). These results suggest
that all Sp transcription factors can potently transactivate the
PKC� promoter in NIE115 cells. Likewise, overexpression of
Sp3 inMN9Dcells transactivated thePKC�promoter in a dose-
dependent manner from 1.5- to 2.5-fold. However, Sp1, Sp2,
and Sp4 activated the PKC� promoter much less efficiently
than Sp3 in MN9D cells (maximal inductions of only 1.2-, 1.8-,
and 1.2-fold with 8 �g of Sp1, Sp2, or Sp3 expression vector,
respectively), suggesting that Sp3 is a strong activator of mouse
PKC� transcription in MN9D cells, whereas Sp1, Sp2, and Sp4
are weak. Overexpression of Sp1, Sp3, and Sp4 in transfected
NIE115 (Fig. 4B, left panel) andMN9D (Fig. 4B, right panel) was
verified by Western blot analysis. Note that Sp3 and Sp4 are
endogenously expressed at appreciable levels in either cell line,
but unexpectedly, the expression of endogenous Sp1 was not
detected in both cells, which is discordant with the fact that Sp1
is a ubiquitous transcription factor.
Members of the Sp family share a high affinity to the same

GC-rich binding sequences, and therefore they can act syner-
gistically or antagonistically to activate transcription, depend-
ing on the nature of the cell and the promoter context. To
investigate whether synergism or competition exists between
these Sp family members to modulate expression of the PKC�
promoter, cotransfections of NIE115 were performed with var-
ious combinations of these Sp transcription factors, together
with the PKC� reporter construct pGL3�147/�289. As shown
in Fig. 4C, coexpression of 4 �g of pN3-Sp1 and pN3-Sp3 FL
expression vectors stimulated PKC� promoter transcription by
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2.7-fold, which approximates the combined contributions from
transfection of individual Sp3 (1.5-fold induction) and Sp1 (1.4-
fold induction). These results indicate that the effects of Sp1
and Sp3 are additive to activate expression of the PKC� pro-
moter. Also, cotransfection of Sp4 with Sp1 or Sp3 (Fig. 4C), as
well as cotransfection of Sp3 with Sp2 (supplemental Fig. S1),
results in a similar additive induction of PKC� promoter tran-
scription. Thus, the Sp family members exert additive response
rather than synergistic or competitive effects on the transcrip-
tion of the PKC� promoter in NIE115 cells.
To further clarify the contributions of the different Sp-regu-

latory elements, including the proximal CACCC box and four
distalGCboxes, to the Sp-mediated increase in PKC�promoter
activity in NIE115 cells, we performed site-directed mutagene-

sis of these sites in the context of the pGL3�147/�209 and
pGL3�165/�289 constructs. The former possesses the proxi-
mal CACCC site, whereas in the latter only the four GC boxes
are present (Fig. 5A). The pGL3�147/�209 construct dis-
played much higher responsiveness to Sp1, Sp3, and Sp4 than
did the pGL3�166/�289 construct in transfectedNIE115 cells,
although a similar level of Sp2-mediated activation was
obtained for these two constructs (Fig. 5,B andC). As expected,
mutation of the CACCC site in region�147/�209 (mCACCC)
exhibited greatly reduced basal and Sp1-, Sp3-, or Sp4-
mediated transcriptional activities relative to the wild-type
pGL3�147/�209 construct. Moreover, complete loss of Sp2-
mediated activation was observed with the same mutant (Fig.
5B). These results indicate that the proximal CACCC element

FIGURE 4. PKC� promoter activity is stimulated by Sp family members of transcription factors in NIE115 and MN9D cells. A, variable amounts (�g) of
pN3-Sp1, pN3-Sp3 FL, pN3-Sp4, or pcDNA-Sp2 expression plasmid or empty vector (pN3 or pcDNA3.1), as indicated, were cotransfected with the PKC�
promoter reporter construct pGL3�147/�289 into NIE115 (black bar) and MN9D (gray bar) cells. Luciferase activity was measured after 24 h of transfection. The
plasmid pcDNA3.1-�gal was included in each transfection for data normalization. Values are expressed as fold induction relative to that obtained from cells
transfected with 8 �g of empty vector (EV) and represent the mean � S.E. of three independent experiments performed in triplicate. Variations in the amount
of total DNA were compensated with the corresponding empty vector pN3 or pcDNA3.1. B, overexpression of Sp factors in transfected NIE115 (left panel) and
MN9D (right panel) cells was determined by immunoblotting analysis. The cells were transfected with Sp expression plasmids in the same manner as A. Whole
cell lysates were prepared 24 h after transfection and immunoblotted for Sp1, Sp3, Sp4, or �-actin (loading control). Both short Sp3 (sSp3) and long Sp3 (lSp3)
isoforms are shown. C, expression plasmids pN3-Sp1, pN3-Sp3 FL, pN3-Sp4, and empty vector pN3 were cotransfected along with the PKC� promoter reporter
construct pGL3�147/�289 into NIE115 either alone or in the different combinations, as indicated (�g) below the bar graph. Luciferase activity was determined
after 24 h of transfection. Data shown represent the mean � S.E. of three independent experiments performed in triplicate.
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was able to respond to Sp1-, Sp2-, Sp3-, and Sp4-mediated acti-
vation of PKC� promoter. In addition, because the CACCC
mutation did not completely abolish the responsiveness to Sp1,
Sp3, and Sp4 overexpression, theremay be additional GC boxes
present in pGL3�147/�209. In the�165/�289 region, similar
to previous experiments, triple mutants mGC123, mGC124,
mGC134, or mGC134, in which only site GC(4), GC(3), GC(2),
or GC(1) is still active, respectively, all resulted in a strong neg-
ative effect on basal promoter activity. Somewhat surprisingly,
these mutants did not decrease the inducibility of wild-type
pGL3�165/�289 by Sp1, Sp3, or Sp4. However, this was not
the case of Sp2-mediated activation where these triple mutants
abolished all Sp2-mediated transactivation potential. On the
other hand, the Sp2 expression vector activated the single
mutants mGC(1), mGC(2), mGC(3), or mGC(4) to a similar
extent as the wild-type pGL3�165/�289 promoter construct
(Fig. 5D). These results indicate that each of the four distal GC
boxes is sufficient tomediate response to Sp1, Sp3, or Sp4 over-
expression, whereas cooperative interactions among the differ-
ent GC sites are required to mediate the transactivation effect
of Sp2 on the PKC� promoter.

FunctionalAnalysis of theMouse PKC�Promoter inDrosoph-
ila SL2 Cells—To further address the transcriptional functions
displayed bymembers of the Sp families of transcription factors
in regulation of mouse PKC� gene transcription, Drosophila
SL2 cells, which are deficient in endogenous Sp-related pro-
teins (52), were utilized. The SL2 cells are devoid of many ubiq-
uitous mammalian transcription factor activities (63, 64); thus,
their transcriptional properties can be investigated in the
absence of interference by endogenous factors. Varying
amounts of expression vectors (1–4 �g) under the control of
the insect actin promoter for Sp1 (pPac-Sp1), Sp2 (pPac-Sp2),
Sp4 (pPac-Sp4), the long (pPac-USp3) and short isoforms of
Sp3 (pPac-Sp3), the full length of Sp3 (pPac-Sp3FL encoding
long and short isoforms of Sp3 like the mammalian expression
vector pN3-Sp3 FL in Fig. 4), and empty pPac0 vector together
with the PKC� promoter construct pGL3�147/�289 were
individually transfected into SL2 cells. The �-galactosidase
insect expression vector p97b was included to monitor trans-
fection efficiency. Normalized luciferase activities were com-
pared with those obtained with empty vector pPac0. As shown
in Fig. 6A, addition of either pPac-Sp1 or pPac-Sp4 slightly

FIGURE 5. Effects of site-directed mutagenesis of Sp-binding sites on PKC� promoter activity transactivated by overexpression of Sp transcription
factors in NIE115 cells. NIE115 cells were cotransfected with the indicated wild-type or mutated PKC� reporter constructs and 8 �g of pN3-Sp1, pN3-Sp3 FL,
pN3-Sp4, pcDNA-Sp2, or empty vector (EV) pN3 or pcDNA3.1. Luciferase activities were assayed after 24 h. The plasmid pcDNA3.1-�gal was included in each
transfection to adjust for transfection efficiency. The activity obtained following cotransfection of the wild-type construct (pGL3�147/�209 or pGL3�165/
�289) with empty vector (EV) was arbitrarily set to 100, and all other data are expressed as a percentage thereof. The results represent the mean � S.E. of three
independent experiments performed in triplicate. A, schematic representation of the wild-type PKC� promoter reporter constructs pGL3�147/�209 and
pGL3�165/�289. The potential Sp sites are depicted by either a circle or square. B, NIE115 cells were cotransfected with 4 �g of either wild-type (pGL3�147/
�209) or mCACCC mutated luciferase reporter constructs along with 8 �g of the expression plasmids pN3-Sp1, pN3-Sp3 FL, pN3-Sp4, pcDNA-Sp2, or empty
vector (pN3 or pcDNA3.1). C, wild-type (pGL3�165/�289) or triple mutated luciferase reporter constructs, as indicated, were cotransfected into NIE115 cells
along with the expression plasmids for Sp family members of transcription factors. D, wild-type (pGL3�165/�289) or single mutated luciferase reporter
constructs, as indicated, were cotransfected into NIE115 cells along with the pcDNA-Sp2 or empty pcDNA3.1 expression vector.
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increased PKC� promoter activity in a dose-dependent man-
ner. The optimal stimulation (2.3-fold) was saturated at 2 �g of
pPac-Sp1 or pPac-Sp4. Interestingly, a dual effect was seen
when different isoforms of Sp3 were transfected into SL2 cells.
Increasing amounts of the short isoform of Sp3 plasmid (pPac-
Sp3) had no effect on transactivation of the PKC� promoter. In
contrast, cotransfection of pGL3�147/�289 with the long iso-
form of Sp3 plasmid (pPac-USp3) induced a maximal 136.2-
fold increase in luciferase activity. In addition, the pGL3�147/
�289 promoter activity was also activated in a dose-dependent
manner by expression with either pPac-Sp2 or pPac-Sp3FL,
reaching maximal 6.9- and 5.0-fold stimulation with 4 �g of
pPac-Sp2 or pPac-Sp3FL, respectively. These results indicate
that the long isoform of Sp3, but not the short isoform of Sp3, is
a potent activator of the PKC� promoter inDrosophila SL2 cells

and that Sp1, Sp2, and Sp4 exert weak positive effects on the
transactivation of the PKC� promoter.

Because overexpression of Sp1, Sp2, or Sp4 only modestly
increased PKC� promoter activity in SL2 cells, we next
investigated the interplay between them with the long iso-
form of Sp3 in PKC� gene regulation. As shown in Fig. 6B,
cotransfections of varying amounts of pPac-Sp1 (1–2 �g)
with a fixed amount of the pPac-USp3 (0.1 �g) had no effect
on promoter activation of pGL3�147/�289. Likewise, there
was no significant stimulation of luciferase activity when 1
�g of pPac-Sp4 was cotransfected with 0.1 �g of pPac-USp3,
and similar to themammalian expression system, an additive
transactivation was seen after cotransfection of 2 �g of pPac-
Sp4 with pPac-USp3. In contrast, combining pPac-USp3
with either 1 �g (6.4-fold induction) or 2 �g (17.0-fold

FIGURE 6. Effects of overexpression of Sp family members of transcription factors on the PKC� promoter activity in SL2 cells. A, PKC� promoter reporter
construct pGL3�147/�289 (4 �g) was cotransfected with variable amounts (1– 4 �g) of Drosophila expression plasmids for Sp1 (pPac-Sp1), the short isoform
of Sp3 (pPac-Sp3), the long isoform of Sp3 (pPac-USp3), the full length of Sp3 (pPac-Sp3FL), Sp4 (pN3-Sp4), or Sp2 (pPac-Sp2) in Drosophila SL2 cells. Luciferase
activity was measured after 48 h of transfection. The Drosophila �-gal expression plasmid p97b was included in each transfection for data normalization. Values
are expressed as fold induction relative to that obtained from cells transfected with 4 �g of empty vector (pPac0) and represent the mean � S.E. of three
independent experiments performed in triplicate. Variations in the amount of total DNA were compensated with the corresponding empty vector pPac0.
B, Drosophila expression plasmids pPac-USp3, pPac-Sp1, pPac-Sp4, and pPac-Sp2 were cotransfected along with 4 �g of PKC� promoter reporter construct
pGL3�147/�289 into SL2 cells either alone or in the different combinations, as indicated (�g) below the bar graph. Variations in the amount of total DNA were
compensated with the corresponding empty vector pPac0. Luciferase activity was determined after 48 h of transfection. Transfection efficiency was normal-
ized by �-galactosidase activity. Values are expressed as fold induction relative to that obtained from cells transfected with pPac0 alone and represent the
mean � S.E. of three independent experiments performed in triplicate.
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induction) of pPac-Sp2 resulted in a synergistic transactiva-
tion of PKC� promoter activity. This is different from the
data in mammalian cells (supplemental Fig. S1), indicating
that two different mechanisms may be operative in insect
and mammalian cells.
Mithramycin A Inhibits PKC� Gene Expression—To further

confirm the role of Sp transcription factors on PKC� expres-
sion, we examined the inhibition of the exogenous PKC� pro-
moter activity bymithramycin A, which is known to bind to the
GC-rich motif and inhibit Sp transcription factor binding (65,
66). The transiently transfected NIE115 cells were treated with
increasing doses of mithramycin A, and the effects of mithra-
mycinAonPKC� promoter activitywere analyzed by luciferase

assays. The mithramycin A concentrations used were not toxic
to NIE115 cells. As shown in Fig. 7, addition of mithramycin A
to transfected cells led to a dose-dependent decrease in pro-
moter activity for both reporter construct pGL3�147/�289
(Fig. 7A) and full-length pGL3�1694/�289 (Fig. 7B). At the
highest dose ofmithramycinA (5�M), the transcriptional activ-
ity of pGL3�147/�289 andpGL3�1694/�289was droppedby
60 and 80%, respectively. In addition, we also performed a real
time RT-PCR assay to investigate the effects of mithramycin A
on the endogenous PKC� expression in NIE115 cells (Fig. 7C).
Dose studies indicated that incubation with the highest dose of
mithramycin A (5 �M) for 24 h resulted in a modest but signif-
icant reduction in PKC� mRNA expression by �30%. Further-

FIGURE 7. Mithramycin A (MA) inhibits expression of the mouse Prkcd gene. A and B, PKC� promoter activity is attenuated in NIE115 cells after treatment
with mithramycin A. The PKC� promoter reporter construct pGL3�1694/�289 (A) or pGL3�147/�289 (B) was transfected into NIE115 cells. After 4 h of
transfection, the cells were incubated with or without Sp factor inhibitor mithramycin A at concentrations ranging from 0.05 to 5 �M for 24 h. Cells were then
harvested, and luciferase activities were determined. The plasmid pcDNA3.1-�gal was included in each transfection to correct the differences in transfection
efficiencies. Values are expressed as a percentage of the activity of control and represent the mean � S.E. of three independent experiments performed in
triplicate. (**, p 	 0.01; ***, p 	 0.001; between the control and mithramycin A-treated samples.) C and D, endogenous PKC� mRNA levels are reduced by
mithramycin A. NIE115 cells (C) or primary striatal neurons (D) were treated with different concentrations of mithramycin A for 24 h. Real time RT PCR analysis
of PKC� mRNA level was performed. �-Actin mRNA level was served as internal control. Values are expressed as a percentage of the activity of control and
represent the mean � S.E. of three independent experiments performed in triplicate. (*, p 	 0.05; **, p 	 0.01 compared with the control and mithramycin
A-treated samples.) E, left panel, exposure of primary striatal neurons to 5 �M mithramycin A reduced PKC� immunoreactivity. Primary striatal cultures were
treated with or without 5 �M MA for 24 h. Cultures were immunostained for PKC� (red), and 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. Right panel, immunofluorescence quantification of PKC� fluorescence intensity. Fluorescence
immunoreactivity of PKC� was measured in each group using Metamorph software. Values expressed as percent of control group are mean � S.E. and
representative for results obtained from three separate experiments in triplicate (**, p 	 0.01).
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more, the inhibition of PKC� endogenous expression by
mithramycinAwas confirmed in additional biochemical exper-
iments in primary striatal cell culture. The primary striatal
neurons were chose because striatum represents a relatively
homogeneous population of interneurons with dopaminergic
innervation as compared with the substantia nigra, and thus it
offers an amenablemodel for biochemical analysis. As shown in
Fig. 7D, similar to the trend seen in theNIE115 cells, the highest
dose of mithramycin A (5 �M) induced an �30% decrease in
PKC� mRNA in primary striatal neurons. Immunocytochemi-
cal analysis of PKC� immunoreactivity of striatal neurons sub-
stantiated the inhibitory effect ofmithramycinA on PKC� gene
expression (Fig. 7E, left panel). Quantification of the PKC� flu-
orescent intensity with Metamorph Image analysis software
revealed an �35% (p 	 0.01) reduction in PKC� immunoreac-
tivity in 5 �M mithramycin A-treated neurons (Fig. 7E, right
panel). Altogether, these results again established that PKC�
expression is Sp factor-dependent. In addition, because the
repression of PKC� transcripts at the endogenous level bymith-
ramycin A (Fig. 7C) was far less pronounced than that of the
exogenous promoter reporter activity (Fig. 7, A and B), regula-
tion of the endogenous PKC� may also be controlled by addi-
tional mechanisms that are not manifested in exogenous
reporter plasmids during a transient luciferase assay.
Binding of Sp Family of Transcription Factors to the PKC�

Promoter in NIE115 Cells—To directly address whether Sp
family proteins are associated with the PKC� promoter in vivo,
we performed a chromatin immunoprecipitation assay.NIE115
cells were transfected with either the expression vectors for Sp
proteins or the empty vector, and proteins were then formalde-
hyde cross-linked to chromatin. The immunoprecipitation was
performedwith antibody directed against Sp1, Sp3, or Sp4. The
precipitated DNA was isolated and subjected to PCR analysis
with the primer set P�2F/P�289R encompassing the pro-
moter region�2 to�289. In the empty vector control samples,
an expected 312-bp DNA fragment was amplified from DNA
immunoprecipitated by Sp3 or Sp4 antibody but not from Sp1
immunoprecipitation (Fig. 8A, lanes 2–4). This result corre-
lates with the previous observation that Sp1 factor is present at
extremely low or undetectable levels in NIE115 cells (Fig. 4B).
Furthermore, significantly increased levels of amplification of
the PKC� promoter were observed in DNA immunoprecipi-
tated by any of the Sp antibodies from Sp-enriched cells when
compared with levels seen for empty vector transfected con-
trols (Fig. 8A, lane 2 versus 7, lane 3 versus 10, and lane 4 versus
13). Together, the ChIP results provide evidence for direct in
vivo association of Sp proteins with the PKC� promoter in the
chromatin of NIE115 cells.
For an additional experiment to further characterize the

binding of Sp proteins to the PKC� proximal promoter region,
we performed gel shift assays using a double-stranded 32-bp
IRyeTM 700-labeled oligonucleotide (�205/�236) (see supple-
mental Table S2 for all oligonucleotides used in EMSA experi-
ments) containing the twoproximal Sp-binding sitesGC(1) and
GC(2) as probe. As shown in Fig. 8B (lane 2), a shift protein-
DNA complex band was detected after incubating the probe
with NIE115 nuclear extracts. This shifted band was almost
completely abolished either by addition of an excess of the unla-

beled �205/�236 self-oligonucleotide or by an Sp1 consensus
oligonucleotide, establishing the nucleic acid-protein binding
specificity (Fig. 8B, lanes 3 and 5). In contrast, when a 100-fold
molar excess of unlabeled mutant �205/�236 self-oligonucle-
otide, in which the GC(1) and GC(2) motifs were double
mutated (Fig. 8B, lane 4) or unlabeled mutant Sp1 consensus
oligonucleotide (Fig. 8B, lane 6) was used, the formation of a
specific complex was only partially blocked. Moreover, the
addition of excess of either an unlabeled PKC� �218/�238
oligonucleotide or unlabeled PKC� �201/�220 oligonucleo-
tide corresponding to the single GC(2) or GC(1) motif, respec-
tively (Fig. 8B, lanes 7 and 8), failed to completely abrogate the
formation of the DNA-protein complex, suggesting that GC(1)
andGC(2) boxes are both functional binding sites for theDNA-
protein interaction of this complex. In addition, another shifted
band without competition by excess of the unlabeled �205/
�236 oligonucleotide was considered as nonspecific binding
and marked as N.S. in Fig. 8B.

FIGURE 8. Binding of Sp family of transcription factors to the PKC� pro-
moter in NIE115 cells. A, ChIP assays in NIE115 cells indicate a physical asso-
ciation of Sp1, Sp3, and Sp4 with the PKC� promoter region. Cross-linked
chromatin was isolated from NIE115 cells transfected with the expression
plasmids for Sp1 (pN3-Sp1), Sp3 (pN3-Sp3 FL), Sp4 (pN3-Sp4), or the empty
vector pN3, as indicated. Isolated chromatin was enzymatically digested and
immunoprecipitated with anti-Sp1 (lanes 2 and 7), anti-Sp3 (lanes 3 and 10),
anti-Sp4 (lanes 4 and 13), or antibody-free control (lanes 6, 9, 12, and 15). The
subsequently purified DNA from immunoprecipitated samples and unimmu-
noprecipitated samples (labeled as Input, lanes 5, 8, 11, and 14) was subjected
to PCR amplification with primers specific for PKC� promoter region that gen-
erates a 312-bp fragment. B, EMSA to test binding of nuclear proteins from
NIE115 cells with the Sp site of the PKC� promoter. EMSA was performed with
an IRye700-labeled probe corresponding to the PKC� promoter GC(1) and
GC(2) motifs and 10 �g of nuclear extract from NIE115 cells. As indicated,
various competitors (100-fold excess of unlabeled oligonucleotides, lanes
3– 8) were added to the mixture before adding probe. The sequences of the
competitors are shown in supplemental Table S2. The specific and nonspe-
cific (labeled as N.S.) complexes are indicated by arrows.
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Coactivators p300/CBP Stimulate PKC� Promoter Activity
through Sp-binding Sites in NIE115 Cells—Because p300/CBP
can function as coactivators of Sp transcription factors, we next
analyzed whether they play a role in regulating mouse PKC�
gene expression by studying the effect of ectopic p300/CBP
expression on promoter activation of the pGL3�147/�289
construct in NIE115 cells. As shown in Fig. 9, A and B, both
p300 and CBP significantly enhance the PKC� promoter activ-
ity. Interestingly, when amutant p300 protein without intrinsic
HAT activity was overexpressed, an even stronger up-regula-
tion of PKC� promoter activity was seen (Fig. 9A), suggesting
that theHAT activity of p300 is not required for transactivating
the PKC� promoter. Moreover, to assess whether p300/CBP
meditate their transcriptional activation through the Sp sites,
two luciferase reporter constructs, Sp1-Luc and mSp1-Luc,
which contain three consensus Sp1-binding sites and three
mutant Sp1 sites, respectively, were utilized. As shown in Fig. 9,
C and D, similar to the PKC� promoter construct pGL3�147/
�289, overexpression of p300/CBP significantly stimulated the
wild-type Sp1-Luc activity, whereas the mutant mSp1-Luc com-
pletely lost the responsiveness to increased expression of p300/

CBP, suggesting that the stimulatory effect of p300/CBP may be
mediated through the Sp-binding sites on the PKC� promoter.
Ectopic PKC� Expression Increased Vulnerability of Dopamin-

ergic Neurons to Oxidative Stress-stimulated Degeneration—
Oxidative stress, arising due to excessive production of reactive
oxygen species and/or defective reactive oxygen species
removal has long been implicated in the pathogenesis of many
neurodegenerative diseases, including PD (67, 68). Based on
our observation that nigral dopaminergic neurons display high
levels of PKC� expression (13) and that proteolytic activation of
this kinase plays a key role in meditating oxidative stress-de-
pendent neurodegeneration (7), we further assessed whether
the extent of PKC� expression correlates with H2O2-induced
degeneration. To address this, we performed ectopic expres-
sion of PKC� inMN9Ddopaminergic neurons and investigated
its effect on H2O2-induced apoptotic cell death. Fluorescence
microscopic imaging of PKC�-GFP-transfected cells revealed
that�60%of cells were expressing PKC�-GFPproteins (Fig. 10,
right panel), confirming the high efficiency of ectopic expres-
sion of PKC� in MN9D cells. Quantification of H2O2-induced
cell death in the EGFP-C1 control vector-transfected cells by

FIGURE 9. PKC� promoter activity is stimulated by p300/CBP in NIE115 cells, and this effect is independent of p300 HAT activity and requires
functional Sp sites. A and B, variable amounts (�g) of expression plasmid for p300 (pCI-p300) and p300 mutant (pCI-p300�HAT) (A) or CBP (pcDNA-CBP) (B)
were cotransfected with the PKC� promoter reporter construct pGL3�147/�289 into NIE115 cells. Variations in the amount of total DNA were compensated with
the corresponding empty vector (EV) pCIneo or pcDNA3.1. Luciferase activity was measured after 24 h of transfection. The plasmid pcDNA3.1-�gal was included in
each transfection for data normalization. Values are expressed as fold induction relative to that obtained from cells transfected with 8�g of empty vector and represent
the mean � S.E. of three independent experiments performed in triplicate. (**, p 	 0.01; ***, p 	 0.001; as compared with the EV-transfected samples.) C and D,
luciferase reporter constructs Sp1-Luc or mSp1-Luc were cotransfected with variable amounts (�g) of expression plasmid pCI-p300 (C) or pcDNA-CBP (D) were into
NIE115 cells. Luciferase activity was measured after 24 h of transfection. Values are expressed as percent of that obtained from cells cotransfected with 8 �g of EV and
wild-type Sp1-Luc construct and represent the mean � S.E. of three independent experiments performed in triplicate.
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DNA fragmentation assay showed that H2O2 treatment dose-
dependently induced neuronal degeneration, having a maxi-
mum (�300% of untreated cells) at dose 2 mM. In contrast,
overexpression of PKC� induced an increased level of H2O2-
induced DNA fragmentation (Fig. 10, left panel). These
results suggest that the level of PKC� gene expression may
have important regulatory roles in oxidative stress-depen-
dent neurodegeneration.
Previous studies have identified PKC� as a key mediator of

oxidative damage induced by ischemia/reperfusion (2, 17, 69).
Moreover, elevated expression of PKC� has been observed in
brain tissue after cerebral ischemia (14–17). Thus, in this study
we investigated whether oxidative stress causes any change in
PKC� gene expression. As shown in Fig. 11A, exposure of
MN9D cells to 0.5 mM H2O2 for up to 24 h did not up-regulate
the protein levels of PKC�. Also, a similar time course study
with H2O2 treatment (0.5 and 1 mM) did not show a significant
induction of PKC�mRNA levels inMN9Dcells, asmeasured by
quantitative RT-PCRanalysis (data not shown).Next, we exam-
ined whether oxidative stress can induce threonine (Thr505)
phosphorylation of PKC� because phosphorylation of activa-
tion loop threonine (Thr505) has been reported to be important
for PKC� activity (70–73). As shown in Fig. 11B, treatmentwith

0.5 mM H2O2 significantly increased the phosphorylation of
PKC� Thr505, with a maximal effect at 3–6 h. These observa-
tions suggest that acute oxidative stress does not alter the de
novo synthesis of PKC�, but rather it induces rapid activation of
PKC� by activation loop phosphorylation.
Inhibition of PKC� Transcription Ameliorates Oxidative

Stress-induced Neurodegeneration—As described above, we
have demonstrated that the Sp family of transcription factors,
particularly the long Sp3 isoform, induces PKC� gene activity in
neuronal cells and primary neurons via multiple Sp-binding
elements and that high levels of PKC� protein are associated
with an exacerbated sensitivity to oxidative stress. To further
demonstrate the functional significance of PKC� transcrip-
tional control by Sp proteins in oxidative stress-dependent neu-
rodegeneration, MN9D dopaminergic cells were pretreated
with Sp inhibitor mithramycin A, and then oxidative stress-
induced cell death was measured. The cells were pretreated
with varying concentrations of Sp inhibitor mithramycin A (1
and 2.5 �M) for 12 h, followed by the exposure of cells to 1 mM

H2O2. Twelve hours later, cell viability was measured using the
SYTOX� Green cytotoxicity assay. As shown in Fig. 12, A and
B, exposure to H2O2 led to significantly greater toxicity in
MN9D cells. In contrast, pretreatment of MN9D cells with
mithramycin A inhibited H2O2-induced cytotoxicity. Mithra-
mycin A did not alter basal cell viability. Consistent with the
SYTOX� Green viability assay, quantification of caspase-3
enzymatic activities revealed that the pretreatment with mith-
ramycin A also significantly reduced the H2O2-induced
caspase-3 activation in a dose-dependent manner (Fig. 12C).
These results demonstrate that controlling PKC� transcription
via inhibition of the activation of Sp proteins can ameliorate the
oxidative stress-elicited neuronal cell death, suggesting that Sp
proteins may serve as potential therapeutic targets for treat-
ment of oxidative damage in dopaminergic neuronal cells.
In parallel with studies utilizing a pharmacological approach

to prevent Sp transactivation, we also used a dominant-nega-
tive form of Sp3 that has an intact C-terminal DNA binding
domain but lacks the N-terminal full transactivation domains,
as described previously (51).We transiently transfectedMN9D
cells with constructs encoding wild-type Sp3 (pN3-Sp3 FL),
dominant-negative Sp3 (pN3-DN-Sp3), or empty vector (pN3),
and we then exposed cells to 0.5 mM H2O2 for 20 h. These cells
were subsequently assayed for cell viability using the SYTOX�
Green cytotoxicity assay. As shown in Fig. 12D, increasing
amounts of the wild-type Sp3 expression plasmid significantly
enhanced H2O2-induced cell death as compared with the cells
transfected with vehicle vector, mirroring our previous results
with direct PKC� overexpression (Fig. 10). In contrast, even the
highest amount of the dominant-negative Sp3 had no signifi-
cant effect on cell viability in the presence of H2O2. Taken
together, our experiments with mithramycin A and DN-Sp3
strongly suggest that inhibition of PKC� transcription can pro-
tect dopaminergic neuronal cells against oxidative stress-in-
duced cell injury.

DISCUSSION

This study addresses the regulatory cis-acting elements and
candidate regulatory factors involved in the transcription of the

FIGURE 10. Overexpression of PKC� sensitizes MN9D dopaminergic cells
to oxidative stress-dependent neurodegeneration. MN9D cells were
transfected with plasmid expressing PKC�-GFP or control plasmid EGFP-C1
for 18 h. The cells were then switched to a serum-free medium and exposed to
various doses of H2O2, ranging from 0.5 to 2.0 mM for 20 h. Cells were collected
and assayed for DNA fragmentation (left panel). Data shown represent
mean � S.E. from two independent experiments performed in quadruplicate
(*, p 	 0.05; **, p 	 0.01; ***, p 	 0.001; compared with the control and
H2O2-treated samples). The overexpression of PKC�-GFP was confirmed by
GFP fluorescence imaging (right panel). Images were obtained using a Nikon
TE2000 fluorescence microscope (magnification �20). Black and white GFP
fluorescence images were presented. Scale bar, 100 �m.

FIGURE 11. Treatment with H2O2 increases Thr505 phosphorylation of
PKC� without affecting PKC� expression. MN9D cells were incubated with
0.5 mM H2O2 for various time spans (3–24 h) and then were harvested for
measurement of native PKC� (A) or PKC� Thr505 phosphorylation (B) levels by
Western blot analysis. �-Actin was used as a loading control. Representative
immunoblots are shown. con, control.
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mouse Prkcd gene in neuronal cells. PKC� has been widely
identified as a pro-apoptotic effector of signals in various cell
types (2, 74, 75). Recent evidence supports a prominent role for
caspase-dependent PKC� activation in oxidative stress-in-
duced dopaminergic cell death in experimental models of PD
because of a high expression of the kinase in nigrostriatal dop-
aminergic neurons (5, 6, 13). Despite extensive investigations of
the molecular mechanisms of activation of PKC�, relatively lit-
tle information is available on the mechanisms that control
PKC� expression at the transcriptional level (42–45). Previous
studies on the regulatory elements of the PKC� gene are all
based on analysis of the 5�-flanking sequences upstream of the
TSS; however, no attemptwasmade to examine the importance
of the GC-rich domains in the first exon. Emerging evidence
indicates that the noncoding region in the exon downstream of
TSS has been recognized as amajor regulatory region of various
gene expressions (48, 77–80). Thus, we cloned and character-
ized the mouse PKC� promoter, including the first exon GC-
rich sequences, in an effort to define mechanisms underlying
the transcriptional regulation of PKC�.
In this study, an �2.0-kb fragment of mouse genomic DNA

encompassing the 5�-flanking region and the partial first exon
of the Prkcd gene was isolated and cloned into a luciferase
reporter vector. The PKC� promoter does not have a consensus
TATA motif in the vicinity of the TSS (40). Our own sequence
analysis found further upstream TATA-like elements at

�1651, �1185, and �932 (data not shown). However, these
TATA-like motifs appear to be nonfunctional, as no significant
transcriptional activity was observed in the region between
�1694 and �659 (Fig. 1B, pGL3�1694/�659). Additionally,
other known core promoter motifs, such as the CAAT box,
initiator element, and downstreampromoter element, were not
identified at consensus positions within the PKC� promoter.

We showed that the 2.0-kb PKC� promoter/luciferase con-
struct displayed significant transcriptional activity (Fig. 1B,
�30 times higher than the promoterless pGL3-Basic vector)
upon transfection into the PKC�-expressing neuronal cell lines
NIE115 and MN9D. Deletion analysis of this 2.0-kb region
revealed multiple positive and negative elements, all of which
contribute to the PKC� expression. A strong negative element
(NREI) present at �660 to �147 is capable of repressing the
gene activity by 100%. Negative elements have also been impli-
cated in the regulation of several other PKC family genes. For
example, a silencer-like element at �1821 to �1702 was iden-
tified for the human PKC� promoter (81). Furthermore, we
characterized that this element is not in itself a true silencer but
rather functions as a PKC� promoter-specific repressive ele-
ment. Computational analysis of this region did not reveal sig-
nificant sequence identity with any known silencer motif; how-
ever, it contains multiple TFBS (data not shown), such as an
overlapping STAT1/Ets site (�656 to �639) and an adjacent
NF-Y site (�637 to �627), as well as a downstreamWHNF site

FIGURE 12. Inhibition of PKC� transcription ameliorates oxidative stress-induced cell death in a dopaminergic neuronal model. A–C, pretreatment with
MA inhibited the oxidative stress response in MN9D dopaminergic cells. The cells were preincubated with varying doses of MA for 12 h before treatment with
H2O2 (1 mM) and then assayed for cell death (A and B) and caspase-3 activity (C). Cell death was measured using the SYTOX� Green cytotoxicity assay as
described under “Experimental Procedures.” Representative phase contrast (top) and SYTOX� Green staining (bottom) images are shown. Images were
obtained using a Nikon TE2000 fluorescence microscope (magnification �20). The caspase-3 activity or cytotoxicity was determined and expressed as a
percentage of induction relative to unstimulated controls (Con). The results represent the mean � S.E. of two independent experiments performed in
pentaplicate (*, p 	 0.05; ***, p 	 0.001; as compared with the samples treated with H2O2 alone). D, overexpression of dominant-negative mutant Sp3 protein
(pN3-DN-Sp3) lacking the transactivation domains did not enhance the H2O2-induced cell death in MN9D cells. The cells were transfected with indicated
amounts of constructs encoding full-length Sp3 (pN3-Sp3 FL), dominant-negative Sp3 (pN3-DN-Sp3), or vehicle vector (pN3) for 16 h. Cells were then exposed
to 0.5 mM H2O2 for 20 h, and H2O2-induced cell death was determined using the SYTOX� Green cytotoxicity assay. Variations in the amount of total DNA were
compensated with the empty vector pN3. The results represent the mean � S.E. of two independent experiments performed in pentaplicate (**, p 	 0.01;
between the H2O2-treated samples that were transfected with pN3 or pN3-Sp3 FL vectors).
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(�596 to �591). Notably, STAT1, Ets, and NF-Y are all known
to serve a dual role in transcriptional regulation as an activator
or as a repressor (82, 83). Whether these elements are involved
in the repressing activity has yet to be determined. Studies are
underway to dissect the exact location of this negative element
and the proteins that bind to it. Additionally, located farther
upstream of NREI is another negative regulatory element
(NREII, between�1694 and�1193). This element, however, is
relatively weak.
In deletion studies we also identified two novel positive reg-

ulatory elements within the 2.0-kb region of the PKC� pro-
moter. We previously identified a basal PKC� promoter (�147
bp to the TSS) that displays �6 times greater activity over the
pGL3-Basic vector in NIE115 and MN9D cells (Fig. 1B,
pGL3�147/�2) and anNF�BandNERF1a sites are responsible
for its activity.3 In this study, we found that the downstream
fragment in exon 1 from bp�2 to�289was capable of dramat-
ically enhancing the basal PKC� promoter activity in both
NIE115 and MN9D cells (Fig. 1B), suggesting that this region
contains most of the positive cis-acting elements necessary for
PKC� expression. Notably, when the location of this 288-bp
positive element was altered, its enhancing activity was entirely
lost (Fig. 3D). This suggests that proper distance arrangement
of this element with respect to the basal PKC� promoter is
important. In addition the region between �147 and �289
appears to confer the greatest transcriptional activity in neu-
rons, thus functioning as a PKC� core promoter. Of particular
interest was an additional positive regulatory element from bp
�1192 to �660. This element, which resides directly adjacent
to the NREI in the 52-bp region between �712 and �660, was
able to significantly overcome the activity of NREI. Curiously,
this region acts mechanistically as a novel anti-repressive ele-
ment. To date, only a few anti-repressive elements have been
reported for eukaryotic genes (84). At this time, we could not
provide any further characterization of this interesting element
or its binding protein. Future studies will address this issue.
Taken together from all these studies, the transcription of
PKC� is tightly controlled by multiple elements acting in con-
cert to ensure its differential expression pattern in a variety of
biological processes.
Next, the major positive regulatory element immediately

downstreamof the PKC� transcription start site (bp from�2 to
�289) was analyzed in detail. In silico analysis identified four
GC boxes in close proximity to each other at �208/�216,
�225/�233, �239/�247, and �256/�264, as well as an
upstream CACCC box (also called the GT box) at �35/�43
(Fig. 3A). The functional importance of thesemultiple Sp-bind-
ing motifs was assessed by site-specific mutagenesis and trans-
fection of the mutated constructs into NIE115 andMN9D cells
(Fig. 3B). The results showed that all thesemotifs are functional
in activating PKC� transcription and that the five Sp-binding
sites appear functionally different. Themagnitude of activating
effects is in the order GC(1) or GC(2) � GC(3) � GC(4) or
CACCC. Furthermore, an essential role for the cooperative
action of all these Sp sites for the transactivation of PKC� tran-

scription was confirmed. In addition to the Sp-binding sites, in
silico analysis also revealed the presence ofmultiple other TFBS
within this �2/�289 segment (data not shown). Conceivably,
these cis-elements may also contribute to the regulation of
PKC� expression.
The Sp family of transcription factors including Sp1, Sp2,

Sp3, and Sp4 are all structurally similar and are the most well
characterizedGC-richmotif-binding proteins. To elucidate the
roles of Sp family members in transcriptional regulation of
PKC�, cotransfection studies using a reporter containing the
PKC� promoter �147/�289 along with Sp expression vectors
were performed (Fig. 4A). These studies revealed a similar acti-
vation profile of Sp transcription factors in NIE115 andMN9D
cells, although less pronounced transcriptional activation was
observed in the latter. In both cell lines, Sp3 is the strongest
transactivator, whereas overexpression of Sp1, Sp2, and Sp4
displayedmuch less activation of the PKC� promoter. It should
be noted that both NIE115 and MN9D cells expressed easily
detectable levels of endogenous Sp3 and Sp4 but undetectable
levels of endogenous Sp1(Fig. 4B), suggesting that Sp3 and Sp4
may be responsible for a major part of PKC� promoter activity
in these two neuronal cell lines. The contribution of the multi-
ple Sp-binding sites found within the PKC� promoter to the
Sp-mediated promoter activity was further assessed using sub-
stitution mutant constructs. By using a smaller construct,
namely pGL3�147/�209, which possesses the upstream
CACCC motif but lacks the downstream four GC boxes, we
found that the CACCC motif is required for complete Sp2-
mediated promoter activity in this promoter context (�147 to
�209). In contrast, this site is insufficient for complete Sp1,
Sp3, and Sp4 transactivation (Fig. 5B). This suggests additional
Sp-like binding siteswithin this region that are important for Sp
transactivation of the PKC� promoter. However, cotransfec-
tion of Sp expression plasmids with pGL3�165/�289 triple
mutant constructs confirmed that each of the four downstream
GC boxes is sufficient for complete Sp1, Sp3 and Sp4 transac-
tivation. However, cooperative action of different GC boxes is
required for mediating Sp2 transactivation, because triple GC
boxmutations failed to mediate any Sp2 transactivation (Fig. 5,
C andD). This different mode of action between Sp2 and other
Sp family members is not surprising, as they have different
DNA binding specificity and affinities. For example, Sp1, Sp3,
and Sp4 bind GC boxes with similar specificity and affinities,
whereas Sp2 binds with much lower affinity (85).
To analyze precisely the transcriptional roles of the Sp family

of transcription factors in a Sp-deficient background, transfec-
tion assays were carried out inDrosophila SL2 cells (Fig. 6).We
demonstrated a dual function of Sp3 in regulating PKC� tran-
scription; the long isoforms of Sp3 most potently activate the
PKC� promoter, whereas the short isoforms of Sp3 are tran-
scriptionally inactive on their own, which may be due to the
absence of the N-terminal transactivation A domain present in
the long isoforms of Sp3 (46). These data together suggest that
the Sp3 isoformexpressionmay have a dramatic effect on PKC�
expression. Indeed, alteration of the Sp3 isoform ratio has been
observed under certain conditions (46). In combination exper-
iments (Fig. 6B), overexpression of Sp1 had no effect on the
transcriptional activation by the long Sp3 isoform, although

3 H. Jin, A. Kanthasamy, D. Zhang, V. Anantharam, and A. G. Kanthasamy,
unpublished data.
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Sp4 was able to transactivate the promoter activation by the
long Sp3 isoform in an additive manner, only when a higher
amount of Sp4 expression vector was transfected. In contrast,
obvious synergistic activation of PKC� promoter transcription
was observed when combining Sp2 with a long isoform of Sp3.
However, this finding is not seen in mammalian cells, probably
because there is already enough endogenous Sp2 and Sp3 in
these cells.
Several additional lines of evidence solidify the essential role

of Sp family transcription factors in controlling PKC� expres-
sion. First, by using the Sp inhibitor mithramycin A, we dem-
onstrated that transcription of the PKC� promoter is depend-
ent on Sp activity (Fig. 7, A and B). At the highest dose of 5 �M

mithramycinA,more than an 80%decrease of full-length PKC�
promoter activity was achieved in NIE115 cells. Second, and
more importantly, mithramycin A also suppresses, albeit to a
much lesser extent, the endogenous PKC� expression in
NIE115 cells and primary striatal neurons (Fig. 7, C–E). This
information also suggests that the endogenous Prkcd gene is
under different layers of regulatory control in addition to the
5�-promoter in the context of an exogenous reporter plasmid.
Epigenetic regulatory mechanisms, such as DNA methylation
or histonemodifications, might be involved in the regulation of
PKC� expression and could account for this complexity. The
mouse PKC� promoter is GC-rich and contains a putative CpG
island that is partly methylated in NIE115 and MN9D cells
(data not shown). Furthermore, treatment of NIE115 cells by
the methylation-specific inhibitor 5�-aza-2�-deoxycytidine sig-
nificantly increased the endogenous PKC� mRNA expression
and attenuated its methylation status (supplemental Fig. S2).
DNAmethylation has been shown to interfere with the binding
of Sp1 to DNA (86). Experiments are in progress to elucidate
whether CpG methylation of the PKC� promoter could affect
the function of Sp transcriptional factors in regulation of PKC�
expression. Third, chromatin immunoprecipitation assays con-
firmed that transcription factors Sp1, Sp3. and Sp4 bind to the
PKC� promoter for transcriptional activation in NIE115 cells,
in the environment of chromatin in vivo (Fig. 8A). Finally, gel
mobility shift assays with nuclear extracts from NIE115 cells
detected the formation of one specific complex with the PKC�
�205/�236 oligonucleotide, and the relevance to Sp factors
was further confirmed by using specific competitors (Fig. 8B).
The Sp factors regulate a variety of genes that are involved in

the apoptotic cascade. This has been reported for the caspase-3
(87), caspase-8 (88), FasL (89), and finally as shown in this study
for PKC�. Although the Sp1 factor functions as an activator of
transcription, the function of Sp3 is less clear. It is generally
accepted that Sp3 is the only protein in the Sp subfamily that
can either positively or negatively modulate the gene expres-
sion. The role of Sp3 as an activator or repressor remains elu-
sive. Evidence suggests that its activity strongly depends on the
structure and arrangement of Sp recognition sites as well as the
cell type-specific difference (46). Our results suggest that for
the mouse PKC� basal promoter, Sp3 acts as a strong activator.
In addition, regulation of Sp1 and Sp3 activity is achieved by
post-translational modifications. For examples, the post-trans-
lational modification to Sp1/Sp3 by acetylation stimulates their
activity (90, 91), whereas sumoylation of Sp1/Sp3 causes their

inactivation (92). Although our Sp1 or Sp3 acetylation immu-
noprecipitation and Western blot analysis failed to detect any
endogenous acetylation of Sp1 or Sp3 in normal NIE115 cells
(data not shown), we could not exclude the possibility that Sp1
or Sp3 is acetylated in response to specific stimuli, such as oxi-
dative stress (93). In addition to post-translational modifica-
tions, regulation of the activities of Sp family members also
includes protein-protein interactions. For example, Sp1 and
Sp3 bind directly to p300 and its homolog CBP (94, 95). We
previously demonstrated that rat Prkcd gene expression is
p300-dependent and that p300 associates endogenously with
the rat Prkcd gene. Nevertheless, the roles of p300/CBP in the
facilitation of PKC� gene expression are still poorly under-
stood. In this study, our evidence suggests that forced expres-
sion of p300 or CBP resulted in a dose-dependent activation of
mouse PKC� promoter (Fig. 9, A and B) in the NIE115 cells.
Furthermore, it appears that the GC boxes are crucial for the
p300/CBP activation, as overexpression of CBP/p300 did not
activate the Sp1-reporter containingmutations in theGCboxes
(Fig. 9, C and D). More interestingly, our results also indicate
that p300 may activate PKC� transcription by HAT-indepen-
dent mechanisms (Fig. 9A), which may partly explain why we
could not detect any endogenous acetylation of Sp1 or Sp3 in
NIE115 cells.
In addition to the mechanism of alterations in PKC� gene

expression, the kinase activity can be modulated by multiple
integrated mechanisms. These include caspase-mediated pro-
teolysis, coordinated phosphorylation, and dynamic regulation
of its subcellular distribution (3, 74). Considering the complex-
ity of the mechanisms of PKC� regulation and the fact that
PKC� is significantly involved in numerous cellular functions,
PKC� signalingmust be tightly controlled. In fact, deregulation
of the PKC� pathway has been implicated in several disease
conditions. For example, altered expression of PKC� has been
shown to be associated with the progression of malignant
tumors (18–28). Increasing evidence also suggests a role for
PKC� in the development of stroke reperfusion injury (17).
Using gene knock-out studies, it has been shown thatmice defi-
cient in PKC� exhibit a striking 70% reduction in stroke size
during reperfusion, as compared with wild-type littermates
(96). Pharmacological inhibition of PKC� by peptide inhibitor
also caused a similar effect (97). Elevated protein and mRNA
expression of PKC� in ischemic brain tissue of rats further
strengthens the support for the role of PKC� in ischemia/
reperfusion injuries (14). Furthermore, PKC signaling repre-
sents a key element of the molecular changes associated with
aging (98–100). Although it appears that PKC isoform levels
were not affected in rat cortex during brain aging (98, 101, 102),
impaired activity of PKC� as well as other novel PKC isoforms
has been reported (98, 99). An age-associated increase in
expression and activation of PKC� in the aged heart has been
demonstrated in a number of studies (103, 104). These obser-
vations confirm that the functional properties of PKC� can vary
depending on the biological context, such as the cell type, the
tissue, and the developmental stage (2, 3). Notably, PKC� is an
oxidative stress-sensitive kinase that can be activated by various
oxidative insults (2, 3, 7, 105, 106). Consistent with this notion,
our results demonstrate that acute exposure of MN9D dop-
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aminergic neurons to hydrogen peroxide results in a rapid acti-
vation of the kinase by active loop phosphorylation (Fig. 11B).
Although PKC� expression was not altered by acute exposure
of hydrogen peroxide (Fig. 11A), prolonged exposure might
cause the induction of this protein. Recently, we have provided
evidence that PKC� serves as a keymodulator of stress-induced
dopaminergic neurodegeneration (5–7, 10, 36, 76). Intraperito-
neal injection or oral administration of the PKC� inhibitor sig-
nificantly protected nigral dopaminergic neurons in a 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine-induced animal model
of Parkinson disease (11). In this study, we found that the
expression of PKC� is closely linked to the oxidative stress-
induced neurodegeneration (Fig. 10), which raises the
intriguing possibility of development of new drugs targeting
the kinase. Importantly, blockade of PKC� transactivation by
the Sp factor inhibitor, mithramycin A, successfully pro-
tected MN9D dopaminergic neurons from oxidative stress-
induced neuronal injury (Fig. 12).
In summary, we have functionally characterized for the first

time, the regulation of the PKC� gene promoter. Our results
clearly indicate that multiple positive and negative regulatory
elements contribute to PKC� promoter expression. In particu-
lar, we have identified the core promoter located between
nucleotides�147 and�289, andwe demonstrated a functional
role for five Sp sites within this region in the regulation of con-
stitutive PKC� expression. We have also shown that Sp1, Sp3,
and Sp4 directly bind to the PKC� promoter through the mul-
tiple Sp sites and positively regulate PKC� expression. Further-
more, ectopic expression studies revealed that the expression
level of the PKC� gene correlates well with the sensitization of
dopamine neurons to oxidative stress-induced neuronal cell
death (Fig. 10). Importantly, our findings also emphasize the
functional importance of PKC� transcriptional control
designed to inhibit the expression and/or function of PKC� via
blockade of Sp-dependent transactivation in regulating oxida-
tive stress-induced apoptotic response in dopaminergic neu-
rons (Fig. 12). Taken together with our previous observation
that PKC� plays a critical role in the oxidative stress-induced
dopaminergic degeneration in PD (7, 10) and that PKC� inhi-
bition has been explored in preclinical models of PD (11, 12),
these findings have important implications for the utility of
PKC� as a target in developing novel drug therapies against
oxidative damage in PD.
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