
Specificity Protein 1-dependent p53-mediated Suppression of
Human Manganese Superoxide Dismutase Gene Expression*

Sanjit Kumar Dhar, Yong Xu, Yumin Chen, and Daret K. St. Clair1
From the Graduate Center for Toxicology, University of Kentucky, Lexington, Kentucky 40536

Abstract
Manganese superoxide dismutase (MnSOD) is a primary antioxidant enzyme necessary for the
survival of aerobic life. Previously, we demonstrated that specificity protein 1 (Sp1) is essential for
the basal transcription of the MnSOD gene. We also identified nucleophosmin (NPM), an RNA-
binding protein, as an important co-activator of NF-κB in the induction of MnSOD by cytokine and
tumor promoter. Here, using chromatin immunoprecipitation (ChIP) analysis, we demonstrate that
Sp1 and NPM interact in vivo to enhance NF-κB-mediated MnSOD induction. Interaction between
NPM and Sp1 or NF-κB at the promoter and enhancer of the MnSOD gene in vivo were verified by
the presence of the PCR products from the promoter and enhancer elements in the ChIP assay.
Unexpectedly, we also found p53, another transcription factor, to be a component of the complex
detected by ChIP assay. The presence of p53 in this transcription complex was verified by
immunoprecipitation of p53 proteins with antibody to Sp1 in nuclear extracts. Using a vector
expressing full-length p53 cDNA, we demonstrated that p53 overexpression suppresses MnSOD
mRNA and protein levels. Consistent with the negative role of p53 in the expression of the MnSOD
gene, expression of small interfering RNA for p53 leads to an increase of MnSOD mRNA and protein
levels. Using ChIP assays and immunoprecipitation, we further demonstrated that p53 interacts with
Sp1 to suppress both the constitutive and 12-O-tetradecanoylphorbol-13-acetate-stimulated
expression of the MnSOD gene. Inhibition of the MnSOD gene by p53 was abolished when Sp1 sites
on the MnSOD promoter were mutated or when the Sp1 protein was reduced by siRNA approaches.
Because expression of MnSOD protects against cell death, our findings reveal a previously
unrecognized mechanism of p53-mediated cell death and demonstrate an intricate relationship
between the positive and negative control of MnSOD expression.

Oxidative stress caused by reactive oxygen species is detoxified by intracellular antioxidant
enzymes such as manganese superoxide dismutase (MnSOD), 2 catalase, and glutathione.
Among these primary antioxidant enzymes, MnSOD is the enzyme that must function in order
for all aerobic organisms to survive. MnSOD is a highly regulated SOD encoded by the sod2
located in human chromosome 6q25.3 (1,2).

The critical role of MnSOD as a cytoprotective enzyme is illustrated in both MnSOD knock-
out and transgenic animal models. For instance, MnSOD knock-out mice develop
cardiomyopathy and die within a few days after birth (3). MnSOD knock-out mice treated with
a SOD mimetic were protected from systemic toxicity and from neonatal death (4). Conversely,
transgenic mice overexpressing human MnSOD experienced less injury resulting from
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inflammation (5), cardio-toxic drugs (6), and pathological and physiological conditions leading
to brain injury (7). The human MnSOD gene is a single-copy gene consisting of five exons
interrupted by four introns with a typical splice junction (8). The sod2 from human, bovine,
rat, and mouse share more than 90% homology in the coding sequence. The basal promoter of
the sod2 has multiple transcription factor binding motifs containing Sp1 and Ap-2 binding
sites. Functional studies in different cell lines with different levels of Sp1 and Ap-2 proteins
suggest that cellular levels of these proteins differentially regulate the expression of the human
MnSOD gene. Transcription factor Sp1 is essential and sufficient, whereas Ap-2 is unnecessary
and antagonistic to the constitutive expression of the gene (9). Sp1 is a prototype member of
a small family of transcription factors (Sp1, Sp2, Sp3, and Sp4) with homologous functional
domains. Members of this family have an inhibitory domain in the N termini and four
transcriptional activation domains (A, B, C, and D) (10). Transcriptional domains A and B are
required for general and full activation, whereas domain C possesses very low activation
(11), and domain D is required for synergistic activation (12). The Sp1 protein is capable of
inducing homotypic, Sp1-Sp1 interaction (13) or forming heterotypic interactions with
different classes of nuclear proteins such as TATA box-binding protein (TBP) (14), C/EBP
(15), and YY1 (16). Because the MnSOD promoter does not contain a TATA or CAAT binding
element, transcription of the MnSOD gene is dependent on Sp1-Sp1 interaction.

The sod2 of mice and humans contains enhancer elements in the second intron of the gene
(17,18). Functional analyses of enhancer elements demonstrate that the intronic element
consists of NF-κB, C/EBP, and NF-1 transcription factor binding sites. The activation of NF-
κB is essential but not sufficient for the induction of MnSOD by cytokines and tumor promoter.
NF-κB forms various homo- and heterodimer units among the mammalian subunits of p50,
p52, p65 (Rel A), c-Rel, and Rel B. These dimer units in turn bind to a group of NF-κB DNA
binding sites with different affinities within the target gene (19,20).

Although the role of Sp1 in the expression of MnSOD in HepG2 cells is well documented
(21), the role of p53 in the expression of MnSOD is unclear. p53 is a transcriptional regulator
that plays an important role in suppressing tumor development. In response to stress, p53-
mediated function causes two major cellular events; they are cell cycle arrest or apoptotic death,
both of which prevent the proliferation of cells containing damaged DNA. It is well established
that the apoptotic function is mediated in part by the property of p53 that is a positive
transcriptional regulator of proapoptotic genes such as Bax (22). However, it has also been
shown that p53 may function as a negative regulator of gene transcription, repressing the
expression of the number of genes including MnSOD (23). However, the mechanism by which
p53 represses its target gene is unknown. We have previously demonstrated that the tumor
promoter TPA enhances MnSOD expression by activation of Sp1 and that NPM serves as a
co-activator of NF-κB in the induction of MnSOD by cytokine and TPA. In this paper we report
the mechanisms by which p53 mediated MnSOD suppression and demonstrate that p53 plays
a negative role on MnSOD gene transcription by forming a complex with Sp1, leading to the
reduction of MnSOD gene transcription under both constitutive and TPA-induced conditions.

EXPERIMENTAL PROCEDURES
Cell Culture

The human hepatoma cell line HepG2 was purchased from American Type Culture Collection
(Manassas, VA). Cells were grown in 5% CO2 incubator at 37 °C in media consisting of
Dulbecco’s modified Eagle’s/Ham’s F-12 (Sigma) supplemented with 10% (v/v) fetal bovine
serum (Hyclone Inc., Logan, UT), 200 µM L-glutamine (Invitrogen), and 1% penicillin-
streptomycin-neomycin (PSN) antibiotic (Invitrogen).
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Reagents
Unless otherwise stated all antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).Anti-β-actin monoclonal antibody and wild-type anti-p53 antibodies were
purchased from Sigma and Calbiochem, respectively. Rabbit polyclonal MnSOD antibody,
glyceraldehyde-3-phosphate dehydrogenase antibody, and chromatin immunoprecipitation
(ChIP) assay kits were purchased from Upstate Biotechnologies (Lake Placid, NY).All
chemicals were purchased from Sigma unless otherwise indicated. pMM/p53, a p53 expression
vector, was kindly provided by Dr.Yi Sun(University of Michigan).The pCMV4-Sp1
expression vector was obtained from Dr. Jonathan M. Horowitz (North Carolina State
University). All siRNAs were purchased from Invitrogen.

Construction of Plasmid
A BamH1 fragment (B7) containing a 3.4-kilobase 5′-flanking region was used to generate the
−555 to +24 MnSOD basal promoter by PCR. To create this construct, PCR primers with
recognition sequences Kpn1 (upstream) and BglII (downstream) restriction sites were added
for subcloning at the upstream of the luciferase reporter gene. To generate intronic enhancer
fragment (I2E) (1742–2083) constructs, BamH1-digested 39b λphase DNA, containing the
entire human MnSOD gene (8074 bp), was used as the template for PCR amplification with a
primer having a BglII artificial restriction site. The PCR product was then ligated to the BglII
site of the −555 to +24 basal promoter containing pGL3 vector, which yielded the natural
orientation of the gene. The following primer sets were used to generate the aforementioned
constructs: forward primer, −555, 5′-
CGGGGTACCCGCTGGCTCTACCCTCAGCTCATA-3′; reverse primer,+24, 5′-
GGAAGATCTGCCGAAGCCACCACAGCCACGAGT-3′; forward primer, +1742, 5′-
GGAAGATCTCGGGGTTATGAAATTTGTTGAGTA-3′; reverse primer, +2083, 5′-
GGAAGATCTCCACAAGTAAAGGACTGAAATTAA-3′.

After amplification of the human MnSOD basal promoter (−555 to +24), the construct was
independently subcloned into the pGL3 basic vector containing the luciferase gene. PCR-
amplified I2E (1742–2083) fragments were directly subcloned downstream of the human
MnSOD basal promoter (−555 to +24). pMM/p53, a cDNA clone, was subcloned into
pcDNA3.1 expression vector. Sp1 expression vector pCMV4/Sp1 was amplified in
Escherichia coli, and DNAs were purified. The presence of cDNA was confirmed by restriction
digestion and sequencing.

Site-directed Mutagenesis
Site-specific mutations of Sp1 binding sites in the MnSOD promoter were performed according
to our previous report (9), in which the resulting mutated sites were obtained using
Chameleon® double-stranded site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s instructions and confirmed by competitive gel-shift analysis.
The selection primer corresponding to a change of unique XbaI (underlined sequence) site was
5′-GATCGCCGTGTAATTCTGGAGTCGGGGCGGCCGGCCGCTTC-3′. The mutated
primers to target each Sp1-binding site (underlined sequences with the mutated nucleotides in
lowercase) were designed as follows: Sp1-M1, 5′-
CAGCTCATAGGCCGGCTGaatGGCGCTGACCAGCAGCTAG-3′; Sp1-M2, 5′-
CCCCGCCGGCACCCTCAGGaatGGACCGGAGGCAGGGCCTTCG-3′; Sp1-M3, 5′-
GTGTACGGCAAGCGCGGGtaaaCGGGACAGGCACGCAGGG-3′; Sp1-M5, 5′-
CTTTCTTAAGGCCCGCGaat-GGCGCAGGAGCGGCACTC-3′. Inserting mutations in
double complementary nucleotides made sp1-M4. After annealing, the double-stranded DNAs
were cloned between SmaI and PvuII restriction sites. Two sets of oligonucleotides were used:
5′-
GGGGTTGGGCGCGGCGGGCGCGaaatGGGGCCCGCGGGGGGGGaaatGGttatGCGGT
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GCCCTTGCGGCGCAG-3′ and 5′-
CTGCGCCGCAAGGGCACCGCataaaCCatttCCCCCCCCGCGGGCCCCattt
CGCGCCCGCCGCGCCCAACCCC-3′. All mutations in the binding sites were confirmed by
DNA sequencing. The internal restriction sites were used to link mutations for the individual
sites.

Transient Transfection and Luciferase Assay
HepG2 cells were grown in Dulbecco’s modified Eagle’s medium supplemented with fetal
bovine serum, L-glutamine, and insulin, with no antibiotics. 70–80% confluent cells were
transfected with plasmids after a Lipofectamine® transfection protocol as directed by the
manufacturer. Cells were co-transfected with 2 µM plasmid DNA constructs containing the
I2E or basal promoter of the human MnSOD gene in the pGL3 reporter gene. pRL-TK
containing Renilla cDNA was also co-transfected with firefly luciferase reporter vector as an
internal control at a concentration of 0.2µM. Twenty-four h after transfection, the cells were
washed twice with PBS and incubated in fresh medium. Twelve hours later, transfected cells
were trypsinized and replated in a 12-well plate at a density of 1.5 × 105 cells per well. After
an additional 24 h, cells were treated with 100 nM TPA. Twelve hours post-treatment, the cells
were washed with PBS and lysed in passive lysis buffer. Similarly, p53 expression vector
(pcDNA3.1/p53) was co-transfected with MnSOD promoter containing pGL3 reporter vector
in subconfluent HepG2 cells. In other experiments, Sp1 expression vector and p53 expression
vector or control vectors were co-transfected with MnSOD promoter containing pGL3 reporter
vector in HepG2 cells. p53 and Sp1 siRNA were transfected in subconfluent HepG2 cells
according to manufacturer’s instructions. Cells were treated with a TPA for 12 h in the same
manner as described above. Then the cells were lysed in passive lysis buffer; cell lysates were
collected, and the samples were analyzed with the luciferase reporter assay system, in
accordance with the manufacturer’s instructions, in a TD-20/20 luminometer.

Nuclear Extract Preparation
Nuclei were isolated from HepG2 cells. A subconfluent monolayer of cells was collected and
centrifuged at 100×g for 2 min at 4 °C to obtain cell pellets, which were then re-suspended in
buffer A containing 10 mM HEPES (pH 7.9), 1.5mM MgCl2, 10mM KCl, 0.5mM dithiothreitol,
and 0.2 mM phenylmethylsulfonyl fluoride with the inclusion of protease inhibitors (pepstatin,
aprotinin, leupeptin) at a concentration of 1µg/ml. Additionally, the phosphatase inhibitors
NaF (5 mM) and Na3VO4 (1 mM) were included. The cell suspension was incubated on ice for
15 min. 12.5 µl of 10% Nonidet P-40 was added, and the mixture was vigorously vortexed for
15 s. The cytoplasmic and nuclear fractions were separated by centrifugation at 17,000 × g at
4 °C for 30 s. Subsequently, the nuclear pellets were re-suspended in buffer B containing 20
mM HEPES (pH 7.9), 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 35% glycerol, 0.5 mM

dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and protease inhibitor (pepstatin,
aprotinin, leupeptin) at a concentration of 1 µg/ml and incubated on ice for 20 min. Nuclear
proteins in the supernatant fraction were collected by centrifugation at 14,000×g at 4 °C for 2
min.

Immunoprecipitation
Immunoprecipitation studies were carried out with nuclear extracts from HepG2 cells (either
vehicle- or TPA-treated) in radioimmune precipitation assay buffer (9.1 mM Na2HPO4, 1.7
mM NaH2PO4, 150 mM NaCl (pH 7.4), 1% (v/v) Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 10 µg/ml phenylmethylsulfonyl fluoride, 1 µg/ml aprotinin). The antibodies used
for immunoprecipitation were goat anti-p50 and mouse anti-p53. One mg of nuclear extract
was incubated at 4 °C overnight with 2 µg of corresponding antibodies. After incubation with
the antibody, 20µl of protein A/G (Santa Cruz Biotechnology, Santa Cruz, CA) was added to
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the reaction mixture of the antibody and nuclear extract and rotated 2 h at 4 °C.
Immunoprecipitates were collected by centrifugation at 2500× g for 5 min followed by washing
4 times with radioimmune precipitation assay buffers. After the final wash, all the adhering
liquids with the protein A/G beads were removed. Samples were then resuspended in the 1×
Laemmli buffer, subjected to SDS-polyacrylamide gel electrophoresis (10% gel (w/v)), and
transferred onto a nitrocellulose membrane; the immunoprecipitated proteins were then
detected by Western blotting.

ChIP Assays
One million HepG2 cells were grown on a 10-cm dish for 24 h and then treated with Me2SO
(control) and TPA (100 nM) for 12 h. Histone to DNA cross-linking was performed by adding
formaldehyde directly to culture media to a final concentration of 1%. Cells were then washed
twice using ice-cold PBS containing protease inhibitors (1mM phenylmethylsulfonyl fluoride,
1 µg/ml aprotinin, and 1 µg/ml pepstatin). Cells were pelleted by centrifuging at 2000×g for 4
min at 4 °C and then resuspended in protease inhibitor containing SDS lysis buffer (50 mM

Tris-HCl (pH 8.1), 10 mM EDTA, and 1% SDS). Crossed-linked chromatin was sonicated to
shear DNA on ice to lengths between 200 to 1000 base pairs. Sonicated, cross-linked chromatin
was centrifuged at 13,000 × g for 10 min to remove the insoluble materials. The protein
concentration of the supernatant was estimated. An equal amount of soluble chromatin from
each sample was then diluted 10-fold in ChIP dilution buffer (16.7 mM Tris, 167 mM NaCl,
1.1% Triton X-100, and 0.01% SDS). The diluted soluble chromatin fraction was pre-cleaned
by 20µl of salmon sperm DNA/protein A-agarose beads. Pre-cleaned chromatin was mixed
with the appropriate antibodies (p50 (Santa Cruz) 2 µg, NPM (Santa Cruz) 2 µg, and Sp1 (Santa
Cruz) 2 µg). Parallel preimmune control precipitation was performed by normal IgG.
Antibodies and chromatin were allowed to mix and were rotated overnight at 4 °C and
precipitated with the appropriate amounts of (60 µl) salmon sperm DNA/protein A-agarose
slurry for 2 h at 4 °C with rotation to collect the antibody/chromatin complex.

Beads were then washed by rotation at 4 °C with 1 ml of buffer in the following order of
washing; low salt immune complexes wash buffer (20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 2
mM EDTA, 1%Triton X-100, 1% SDS); high salt immune complex wash buffer (20mM Tris-
HCl (pH 8.1), 500mM NaCl, 2mM EDTA, 1%Triton X-100, 1% SDS); LiCl immune complex
wash buffer (10 mM Tris-HCl (pH 8.1), 0.25 mM LiCl, 1% deoxycholate, 1% Nonidet P-40,
0.1% SDS); followed by two washes with TE buffer (10 mM Tris-HCl (pH 8.1), 1 mM EDTA
(pH 8.1)). The precipitated antibody-chromatin complexes were analyzed by either Western
blotting or polymerase chain reaction.

For Western blot analysis, immunocomplexes attached to the beads were boiled for 10 min
with 25 µl of 1× Laemmli buffer and then subjected to 10% SDS-polyacrylamide gel
electrophoresis. Immunoprecipitated proteins were detected by Western blotting. For PCR
amplification, precipitated immunocomplexes were eluted twice for 15 min each at room
temperature with 250µl of elution buffer (1% SDS, 0.1 M NaHCO3). Reversal of cross-linking
was performed by heating the elution mixture at 65 °C for 4 h in the presence of 20 µl of 5 M

NaCl. Proteins were digested with proteinase K by incubating for 1 h at 45 °C in the presence
of EDTA. DNA was then recovered by phenol:chloroform extraction and ethanol precipitation
followed by resuspension in nuclease-free water for PCR amplification. Immunoprecipitated
DNA was analyzed by PCR amplification. For amplification of enhancer (1742–2083)
elements of the MnSOD gene, the primer sets were: 5′-
CGGGGTTATGAAATTTGTTGAGTA-3′ (forward primer, +1742) and 5′-
CCACAAGTAAAGGACTGAAATTAA-3′ (reverse primer, +2083); −154 to +6, 5′-
ACAGGCACGCAGGGCACCCCCGGGGTT-3′ (forward primer,−154) and 5′-
TCCTGCGCCGCCCGCGGGGCCTTAAGAAA-3′ (reverse primer, −6); −555 to +24, 5′-
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CGCTGGCTCTACCCTCAGCTCATA-3′ (−555, forward primer) and 5′-
GCCGAAGCCACCACAGCCACGAGT-3′ (reverse primer,+24). For Bax promoter, the
forward primer was 5′-ACGTCCTGCCTGGAAGCA-3′, and reverse primer 5′-
CCCCAGCGCAGAAGGAAT-3′ were used. We also amplified the transcription factor
binding of the off-target region of MnSOD gene using forward primer (5′-
GGCCTACGTGAACCTGA-3′) and reverse primer (5′-CAATTCACCAGTGCTGGCAA-3′)
ranging from +521 to +839.

Electrophoretic Mobility Shift Assay (EMSA)
The consensus double-stranded oligonucleotides of NF-κB sequence 5′-
AGTTGAGGGGACTTTCCCAGGC-3′ and Sp1 sequence 5′-
ATTCGATCGGGGCGGGGCGAGC-3′ (Promega, Madison, WI) were radioactively labeled
with [γ-32P]ATP and T4 polynucleotide kinase. The probes were purified on 20% native
polyacrylamide gel and eluted in 600 µl of TE buffer (pH 7.4) containing 10 mM Tris HCl and
1 mM EDTA. The activity of radiolabeled probes was counted and stored at −80 °C. Probes
were used within 2 weeks after preparation.

In each reaction, 5 µg of nuclear protein and 6 µl of 5× binding buffer containing 20% (v/v)
glycerol, 5 mM MgCl2, 2.5 mM EDTA, 5 mM dithiothreitol, 50 mM Tris-HCl (pH 7.5), 0.25 mg/
ml poly(dI-dC), and 50,000 cpm of radiolabeled probes were used. Samples were incubated
for 20 min at room temperature. To determine the components of the complex bound to the
consensus element after treatment, supershift experiments were performed by adding 1 µg of
the primary antibody to the binding reaction and extending the incubation to 1 h at room
temperature. DNA-protein complexes were separated from unbound probes on 6%
polyacrylamide native gel.

Western Analysis
Nuclear extracts (20 µg) from either control or treated cells were used to analyze the levels of
various transcription factors or co-activators. For whole cellular proteins, 50 µg were analyzed
by Western blotting. Samples were boiled with 1×Laemmli buffer and then subjected to 10%
SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The
transfer efficiency was assessed by incubation with 0.1% Ponceau solution. The membrane
was washed with distilled water until the dye disappeared completely. The membranes were
then blocked by 5% nonfat dried milk in TBS-T (10 mM Tris-HCl (pH 7.8), 150 mM NaCl, and
0.05% (v/v) Tween 20) buffer (pH 7.8) for at least 1 h at room temperature. After a short wash
with TBS-T buffer, the membranes were incubated in the primary antibody for at least 2 h at
room temperature or overnight at 4 °C. The primary antibodies were diluted in TBS-T buffer
containing 5% nonfat dried milk in a dilution range of 1000–5000. The membranes were then
washed 3 times, each time for 10 min, with TBS-T. The membranes were incubated with the
secondary antibody at a dilution range of 2,000–10,000 for 1–2 h at room temperature. The
membranes were washed twice with TBS-T buffer for 10 min and once with PBS for 5 min.
Proteins were detected using the enhanced chemiluminescence detection system (ECL®,
Amersham Biosciences). The Quantity One® Image Analyzer software program (Bio-Rad)
was used for quantitative densitometric analysis.

RNA Isolation, cDNA Synthesis, and RT-PCR
Total RNA was isolated from HepG2 cells by single-step guanidium thiocyanate/
phenol:chloroform extraction using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. Briefly, subconfluent HepG2 cells were washed with ice-cold 1× PBS
and harvested by scraping and centrifuging. The cells were suspended in 1 ml of TRIzol reagent
and incubated at room temperature for 15 min. Chloroform (0.2 ml) was added to the sample,
and the sample was vigorously vortexed and then incubated at room temperature for 10 min.
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The RNA-containing aqueous phase was extracted after centrifugation at 12,000 × g for 15
min at 4 °C.RNA was precipitated with isopropyl alcohol, and the pellet was washed with 70%
ethanol in diethyl pyrocarbonate-treated water. The RNA pellet was air-dried. RNA
concentration was measured, separated into aliquots, and stored at −80 °C until used. RNA
samples having an A260/A280 ratio of 18.0 or more were used for RT-PCR.

For reverse transcription cDNA was generated using 2 µg of total RNA, oligo(dT) primer, and
SuperScript™III first strand reverse transcriptase according to the manufacturer’s instructions
(SuperScript™III first strand synthesis for RT-PCR, Invitrogen) in a total volume of 20µl.
After RT reaction, cDNA was diluted to 100µl with diethyl pyrocarbonate-treated water. Two
microliters of first-strand cDNA were amplified using the following PCR primer sets:
hMnSOD sense (5′-AGGTTGTTCACGTAGGCCGC-3′ and antisense (5′-
AGCATGTTGAGCCGGGCAAGT-3′), wild type p53 sense (5′-
ATGGAGGAGCCGCAGTCAGATCC-3′ and antisense (5′-
TTCTGTCTTCCCGGACTGAGTCTGACT-3′), Bax sense (5′-
AGGATGATTGCTGACGTGGACACG-3′) and antisense (5′-
GGTGTACCGTCTGTCACTGGTAGAA-3), and β-actin sense (5′-
TGTTACCAACTGGGACGACA-3′) and antisense (5′-
CTGGGTCATCATCTTTTCACGGT-3′). For each PCR reaction, 2µl of diluted cDNA were
amplified using specific primers (50 pmol) in a final volume of 50µl. For hMnSOD, PCR was
performed for 30 cycles at 94 °C (30 s), 65 °C (15 s), and 72 °C (20 s) followed by a final 72
°C step (7 min). For p53, PCR was performed for 30 cycles at 94 °C (30 s), 60 °C (30 s), and
72 °C (45 s) followed by a final 72 °C step (7 min). For Bax, PCR was performed for 30 cycles
at 94 °C (30 s), 58 °C (30 s), and 72 °C (45 s) followed by a final 72 °C step (7 min). For β-
actin, PCR was performed for 30 cycles at 94 °C (30 s), 60 °C (30 s), and 72 °C (40 s) followed
by a final 72 °C step (7 min). PCR products were separated on 1% agarose gel and visualized
by ethidium bromide staining.

Northern Blotting
For RNA analysis by Northern blotting, 30 µg of total RNA were separated on 1.1%
formaldehyde-agarose gel (1.1% agarose and 4.6% formaldehyde in 1× MOPS, sodium acetate
running buffer (pH 7.0)), transferred onto a nylon membrane, and hybridized with γ-32P-
labeled hMnSOD cDNA and β-actin cDNA.

Statistical Analysis
Data were analyzed using two-way analysis of variance for comparison. Bonferroni’s post-test
multiple comparisons procedure was used to determine the statistical significance. Data shown
represent the mean ± S.D.

RESULTS
Identification of Transcription Factors Involved in TPA-induced MnSOD Expression

We have previously shown that treatment with TPA increases the levels of MnSOD in HepG2
cells. To verify the effect of TPA on the MnSOD gene, we transiently transfected MnSOD
promoter containing the I2E driving the expression of luciferase reporter gene (−555 to +24/
I2E/pGL3) into HepG2 cells and measured the reporter gene activity. Consistent with our
previous findings, treatment of HepG2 cells with TPA increased the reporter gene activity (Fig.
1A), significantly increased both 1- and 4-kilobase MnSOD transcripts (Fig. 1B), and also
significantly increased MnSOD protein levels (Fig. 1C).

The increase in the level of MnSOD gene transcription caused by TPA is associated with
increased levels of Sp1, NPM, and NF-κB family members. As shown in Fig. 1D, when both
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control and treated nuclear extracts were subjected to 10% SDS-polyacrylamide gel
electrophoresis and Western blotting using antibodies specific to each protein, the results show
enhanced accumulation of p50, p65, Sp1, and NPM but not C/EBP-β or β-actin in the nucleus
after treatment with TPA. To determine whether the increase in NF-κB and Sp1 levels is
accompanied by an increase in DNA binding activity, we examined NF-κB and Sp1 DNA
binding activity using EMSA. As expected, TPA-treated nuclear extracts from HepG2 cells
showed enhanced DNA binding complexes of both NF-κB and Sp1 (Fig. 1E, panels a and b).

To verify the results of the interactions between Sp1 and NF-κB on sod2, we cross-linked the
cellular protein with cellular DNA in vivo by using formaldehyde. The cross-linked DNA-
protein complexes were subjected to chromatin immunoprecipitation using antibody specific
to p50, a member of the NF-κB family of transcription factors present in HepG2 cells. The
product of chromatin immunoprecipitation was analyzed by PCR amplification and Western
blotting. For Western analysis, chromatin immunocomplexes were subjected to 10% SDS-
polyacrylamide gel, transferred onto nitrocellulose membrane, and probed with an antibody
specific for each member of the NF-κB family. As shown in Fig. 2A, an antibody to p50 was
able to immunoprecipitate p65 and c-Rel but not p52 and Rel B, and the interaction with p50,
p65, or c-Rel increased after TPA treatment. Similarly, chromatin immunoprecipitation using
Sp1 antibody was able to immunoprecipitate p65 and NPM. The levels of p65 orNPM increased
after TPA treatment. Unexpectedly, we also found p53 protein co-immunoprecipitated with
Sp1 antibody (Fig. 2A), suggesting that p53 may play a role in MnSOD transcription. For PCR
identification of the MnSOD promoter/enhancer where these proteins bind to drives
transcription, we de-cross-linked DNA protein complexes and purified DNA for PCR
amplification. Using the purified DNA as the template, both the promoter and intronic enhancer
(I2E) fragments were detected (Fig. 2B). Template DNA that was obtained from parallel
chromatin immunoprecipitation using non-immune IgG did not yield any PCR product (Fig.
2B).

Because we had previously identified NPM as a co-activator of NF-κB in the induction of
MnSOD by cytokine and TPA, we also performed ChIP analysis with NPM to amplify the
promoter and enhancer elements of the MnSOD gene. ChIP assay results confirmed that NPM
is associated with both the promoter and enhancer elements of the MnSOD gene. To further
verify the specificity of transcription factors binding to the promoter and enhancer elements,
we amplified the DNA obtained from the same ChIP DNA using off target primers, which
amplified the fragment between +521 to +839 of the MnSOD gene. As shown in Fig. 2C, we
were unable to amplify 318-bp MnSOD off-target fragments using ChIP DNA but were able
to amplify appropriate segments of the gene using the same amount of genomic DNA that was
used as input control.

p53 Physically Interacts with Sp1
Because p53 was identified in complex with Sp1, we tested the possibility that p53 may be a
component of the transcription complex regulating the expression of the sod2. Using antibodies
against p53, we found that p53 antibody was able to immunoprecipitate Sp1 and NPM but not
p65 (Fig. 3a), suggesting that p53 did not directly interact with NF-κB family members.
Consistent with this possibility, p50 antibodies immunoprecipitated p65 and Sp1 but not p53
(Fig. 3b), and non-immune serum was not able to precipitate either p65 or p53 (Fig. 3c). The
interaction between p50 and p65, p50, and Sp1 increased after TPA treatment (Fig. 3, a and
b). These results indicate that Sp1 forms complexes with p53 in vivo, and TPA treatment
enhances the interaction among proteins within the promoter and enhancer sites.
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p53 Represses Transcription of the MnSOD Gene
To investigate whether p53 plays a role in MnSOD gene transcription, we overexpressed p53
in HepG2 cells using the pcDNA3.1 vector expressing p53. HepG2 cells were co-transfected
with a MnSOD promoter construct (+555 to +24) and p53 expression vector. Overexpression
of p53 led to an increase of p53 protein compared with the corresponding empty vector
(pcDNA/3.1)-transfected cells. Overexpression of p53 led to a decrease in luciferase activity,
whereas transfection with the corresponding empty vector had no effect on reporter gene
activity (Fig. 4A). The transcription activity of the MnSOD gene was also suppressed after
TPA treatment of HepG2 cells for 12 h compared with the corresponding empty vector-
transfected cells.

To verify the role of p53 on the endogenous hMnSOD gene, we overexpressed wild-type p53
in HepG2 cells, and the hMnSOD mRNA levels were measured by RT-PCR. As shown in Fig.
4B, p53 over-expression increased p53 mRNA levels and correspondingly decreased hMnSOD
mRNA levels. Consistent with the effect on MnSOD mRNA, wild-type p53 overexpression
led to decreased hMnSOD protein levels compared with no decrease in the corresponding
vector control (Fig. 4C). Both mRNA and protein levels of hMnSOD increased after TPA
treatment, but the induction of MnSOD by TPA was reduced in p53 transfected cells compared
with empty vector transfected cells similarly treated (Fig. 4, B and C).

p53 siRNA Enhances hMnSOD Transcription
To further verify the role of p53 in the expression of MnSOD, we used the siRNA approach.
HepG2 cells were transfected with the control siRNA or p53 siRNA, and then the luciferase
activity and endogenous mRNA levels were evaluated. Suppression of endogenous p53 by
expression of p53 siRNA had a significant effect on MnSOD gene transcription as measured
by MnSOD-driven reporter gene activity and MnSOD mRNA levels (Fig. 5, A and B).
Expression of p53 siRNA significantly decreased the p53 mRNA but not the non-target gene
β-actin. p53 siRNA expression also decreased the mRNA levels of Bax, a well recognized p53
target gene, whereas β-actin mRNA level remain unchanged (Fig. 5B). To further verify the
p53 effect on its known target genes, we overexpressed p53 expression vector in HepG2 cells
and examined the p53 target gene expression. p53 overexpression increased Bax mRNA
expression (Fig. 5C). These results further confirm that p53 target genes are transcriptionally
regulated by p53 in HepG2 cells.

p53 Is Associated with Sp1 and NPM at Promoter
Although we could not determine the direct interaction of p53 with NF-κB members, Sp1 and
NPM both interact with NF-κB to enhance MnSOD expression. To investigate whether p53
interferes with MnSOD expression at the promoter or enhancer level, we overexpressed p53
in HepG2 cells and performed a ChIP assay to evaluate the recruitment of NPM and Sp1 to
the promoter/enhancer of the MnSOD gene. ChIP assay, conducted with Sp1 antibody, showed
that Sp1 and p53 association increased in p53-transfected cells in both untreated and TPA
treated conditions. Both Sp1/p53 and Sp1/NPM association increased after TPA treatment
compared with Me2SO control in empty vector-transfected cells. In contrast, Sp1/NPM
association decreased after TPA treatment compared with control in p53-transfected cells (Fig.
6A). In p53-overexpressed cells, p53 recruited more Sp1 and NPM in the nucleus of Me2SO
control, whereas under TPA stimulated condition, association of NPM with Sp1 or p53
decreased. These results suggest that in stimulated condition, p53 may preferentially form
complexes with Sp1 when NPM is linked to an enhancer-binding protein such as NF-κB family
members. To identify whether p53 interaction is at the promoter or enhancer level, we
performed a ChIP assay with p53 antibody in either vector controls or p53-overexpressed
HepG2 cells. Chromatin immunoprecipitation with p53 antibody and subsequent PCR
amplification of 579-bp promoter fragments (−555 to+24) were detected, as shown in Fig.
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6B. However, although we could not amplify the intronic enhancer element using the same
DNA as template (Fig. 6B, middle panel), we did secure positive results from input DNA. This
result suggests that p53 interaction with Sp1 occurs in the promoter region but not at the
enhancer region. To determine whether p53 interaction in the MnSOD promoter is Sp1
dependent, we co-transfected Sp1 siRNA with p53 expression vector and performed a ChIP
assay using a p53 antibody. The results shown in Fig. 6D indicate that Sp1 siRNA decreases
p53 loading onto the promoter (lower panel), whereas Sp1 siRNA does not have any effect on
the p53 target gene such as Bax promoter (middle panel). This result suggests that the effect
of p53 on MnSOD transcription is Sp1-dependent.

Inefficient Suppression of MnSOD by p53 in Sp1-mutated Promoter
In a site-directed mutagenesis study, we previously demonstrated that Sp1 is essential and
sufficient for the basal promoter activity of MnSOD (9). To further confirm the role of p53 on
MnSOD promoter activation, we used Sp1-mutated MnSOD promoter constructs and
cotransfected with p53 expression vector (Fig. 7A). Consistent with our previous findings,
mutations of five Sp1-binding sites in the −555 to +24 promoter construct caused a complete
suppression of basal and induced levels of reporter gene activity. Mutation of three Sp1 sites
in MnSOD promoter restores a low level of transcriptional activity. Under this condition, p53-
induced suppression of MnSOD transcriptional activity is significantly reduced compared with
non-mutated MnSOD promoter (Fig. 7B). This result indicates that the suppression effect of
p53 on MnSOD transcription is dependent on Sp1 sites in the promoter. To determine whether
p53 can directly bind to the Sp1 site and compete for the binding site with Sp1, we performed
EMSA with nuclear extract from HepG2 cells. Overexpression of p53 did not alter the Sp1
binding activity under basal or treatment conditions. EMSA carried out with purified p53
(EMSA grade) proteins using consensus Sp1 probe confirmed that p53 was unable to directly
bind to the Sp1 site (Fig. 7C).

Suppression of MnSOD Promoter Activity by p53 Is Sp1-dependent
To further confirm that p53 leading to the suppression of MnSOD gene transcription is
dependent on the availability of Sp1, we overexpressed p53 in cells with reduced levels of Sp1
using Sp1 siRNA. Sp1 siRNA decreased Sp1 protein, and p53 overexpression increased p53
protein levels (Fig. 8A). Co-transfection of wild-type p53 with control siRNA suppressed
MnSOD transcription, and co-transfection of wild-type p53 with Sp1 siRNA suppressed both
the basal and siRNA-mediated effects on MnSOD promoter. To further confirm that
suppression of MnSOD transcription by p53 is Sp1-dependent, we overexpressed wild-type
p53 in cells with increased levels of Sp1 using Sp1 expression vector. The expression of Sp1
and p53 proteins was confirmed by Western analysis of nuclear extracts (Fig. 8B, top).
Overexpression of Sp1 increased MnSOD transcription in a dose-dependent manner (Fig.
8B). Overexpression of p53 reduced both the basal and Sp1-mediated MnSOD transcription
level. In addition, p53 overexpression led to a sustained suppression of Sp1-mediated MnSOD
transcription (Fig. 8B).

DISCUSSION
Induction of MnSOD in response to oxidative stress-inducing conditions is well documented.
However, the mechanism by which transcription of the MnSOD gene is suppressed is not fully
understood. hMnSOD gene transcriptional regulation is highly dependent on key transcription
factors such as NF-κB and Sp1. We and others have demonstrated that NF-κB is essential for
the induction of sod2 in response to TPA, tumor necrosis factor-α, and interleukin-1β (17,24,
25). NF-κB family transcription factors consist of five important members: p50, p52, p65 (Rel
A), c-Rel, and Rel B. Cell type and relative abundance determine their differential participation
in the transcription of the human MnSOD gene. For example, p50/p50 homodimer is a negative
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regulator of MnSOD gene transcription (26), whereas p50/p65 and p50/Rel B are potent
positive regulators (27,28). In the present investigation, using ChIP and co-
immunoprecipitation assays we confirmed that p50/p65, Sp1, and NPM are key components
of the transcription factor complex during TPA-induced MnSOD expression at the chromatin
level. We also identified p53 as a component of this complex that can antagonize the positive
effect of Sp1 on MnSOD gene transcription. The presence of p53 in the MnSOD promoter
complex was verified by the corresponding changes in the level of PCR products representing
promoter/enhancer elements, suggesting that p53 interacts with these transcription factors at
the chromosomal level.

We have also previously identified NPM as a co-activator of NF-κB in the induction of MnSOD
by cytokines (29). It has recently been shown that NPM binds to p53 and prevents p53 from
MDM2-mediated degradation (30). In this investigation, we observed that NPM physically
interacted with p53 at the chromosomal level, as detected by co-immunoprecipitation and ChIP
assays (Fig. 3 and Fig 6) and that the level of p53 increased after TPA treatment (data not
shown). Thus, it is tempting to speculate that p53 interacting with NPM may stabilize p53 and
facilitate p53 interaction with Sp1. Although the p53 binding sites in the MnSOD gene are not
clearly identified, a computer-based F-match search of the MnSOD gene suggested that a p53
binding region is located at 328 bp upstream of MnSOD promoter with a sequence 5′-
agGCAGGgcc-3′. The predicted p53-binding site is located at close proximity to Sp1 binding
sites. Thus, it seemed possible that p53 binds to the site and hinders the ability of Sp1 to bind
with DNA by blocking the Sp1 consensus site. However, this possibility was ruled out because
we did not observe p53 binding to the promoter regions containing this consensus site (data
not shown). Furthermore, when we added purified p53 protein in the reaction mixture of EMSA
using Sp1 consensus element, we found that p53 did not bind to the consensus Sp1 site nor did
it block Sp1 binding to DNA. Hussain et al. (31) reported that the p53 transcription factor
binding site is present at 2009 bp upstream of the transcription start site in the human MnSOD
gene. However, the promoter used in our experiments only contains 555 base pairs of the 5′
flanking region; thus, the possibility of p53 binding to the MnSOD distal site is also excluded.
Together, these results indicate that it is not likely that the suppressive effect of p53 on the
MnSOD gene is due to p53 binding to MnSOD promoter but, rather, due to p53 interaction
with Sp1 protein.

The mechanism by which p53 modulates MnSOD transcription is not known. Various
mechanisms have been proposed for p53-mediated transcriptional suppression, including
interference with transcription initiation (32), binding of p53 response element (33), and
complex formation with other proteins (34). An additional mechanism predicted by the
recruitment inhibition model involves p53 interacting with activators at the promoter level and
then interfering with the function of the activator by formation of a complex leading to the
suppression of gene transcription (35). For instance, the formation of Sp1/p53 complex was
proposed to be the mechanism of WRN promoter (36). Others have shown that p53-dependent
suppression involves p53 interfering with basal transcription machinery outside gene-specific
activators and the binding site (37). It has also been reported that p53- dependent suppression
involves the alteration of chromatin structure and recruitment of proteins to the promoter
(33,38).

Our results, which indicate that Sp1 binding sites are necessary for both constitutive and TPA-
induced expression of MnSOD, suggest that p53 regulates both basal and induced levels of
MnSOD gene transcription by interfering with the basal transcriptional machinery. Thus,
complex formation by p53 with Sp1 at the promoter region is likely to have a major impact on
MnSOD induction in response to oxidative stress-inducing agents. This possibility is supported
by the following findings; 1) Sp1 is essential for both basal- and TPA-induced expression of
the MnSOD gene; 2) p53 has no effect on MnSOD expression when all Sp1 sites in the basal
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promoter were mutated; 3) overexpression of Sp1 enhanced, but reduced expression of Sp1
lessened the effect of p53 on MnSOD expression. These findings are very interesting because
p53 acts as a pro-apoptotic factor in cellular response to stress, whereas MnSOD is a pro-
survival protein whose functions are involved in protecting cells from oxidative damage. Thus,
it is possible that the tumor suppressor function of p53 may be in part mediated by its
transcriptional repression ability to suppress the expression of cyto-protective genes such as
MnSOD.
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FIGURE 1. TPA induces MnSOD gene transcription
A, MnSOD gene transcription was measured as luciferase activities from MnSOD promoter-
and enhancer-driven pGL3 reporter vector. B, Northern analysis was performed using a human
MnSOD cDNA probe. Arrows point to the 1- and 4-kilobase human MnSOD transcripts. The
same membrane was stripped and re-probed with β-actin cDNA probe as an internal control
(bottom arrow).DMSO,Me2SO. C, Western analysis of MnSOD in whole cell extracts after
TPA treatment. The membranes were stripped and re-probed with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody as an internal control. D, Western analysis of p50, p65,
NPM, C/EBP-β, and Sp1 was performed for nuclear extracts. The same membrane was re-
probed with β-actin antibody for the loading control. E, EMSA was carried out as described
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under “Experimental Procedures.” For supershift experiments EMSA reaction mixtures were
incubated with 1 µg of antibodies specific to p50, p65, and Sp1. The arrows point to protein-
DNA complexes and supershift complexes. Panel a, complexes of NF-κB and DNA were
supershifted by antibodies specific to p50 and p65;panel b,Sp1-DNA complexes were super
shifted by the antibody specific to Sp1. Each data point represents the mean of three
independent experiments %S.D. Significant difference compared with the control: **, p<0.01.
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FIGURE 2. Association of transcription factors to MnSOD promoter and enhancer element
The binding of transcription factors to the promoter or enhancer region of MnSOD gene was
evaluated by ChIP assay in HepG2 cells as described under “Experimental Procedures.” A,
chromatins were immunoprecipitated by Sp1 and p50 antibodies or IgG. The pull-down
proteins in the immunoprecipitates were detected by Western analysis. DMSO, Me2SO. B,
immunoprecipitated DNA was amplified by PCR using primers targeted to the enhancer
element (1742–2083) and the promoter elements (−154 to −6) of the MnSOD gene. kb,
kilobases. C, the immunoprecipitated DNA was amplified by PCR using primer specific to an
off-target region on MnSOD gene (+521 to +839). Total genomic DNA obtained from HepG2
cells were parallel-amplified by using the same off-target primer as input DNA control.
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FIGURE 3. Physical interaction of p53 with Sp1
In vivo association of p53 with Sp1 and NPM but not with p65 was revealed by co-
immunoprecipitation (IP) analysis in isolated nuclear extract (panel a). Both p65 and Sp1 were
co-immunoprecipitated with p50 antibody, but p53 was not (panel b). Co-immunoprecipitation
with normal IgG was shown as control (panel c). DMSO, Me2SO.
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FIGURE 4. p53 overexpression suppresses MnSOD gene transcription
HepG2 cells were co-transfected with either the p53 expression vector (pcDNA3.1/p53) or
empty vector (pcDNA3.1) along with the MnSOD promoter (−555 to +24)-driven luciferase
reporter vector. After 24 h of co-transfection, cells were split into separate dishes and grown
for another 24 h before being treated with TPA (100 nM).DMSO,Me2SO. A, 12 h later, cells
were collected for luciferase activity as a measure of MnSOD gene transcription. B, RT-PCR
of RNA isolated from control and TPA-treated cells was carried out using primers for each
specific gene as described under “Experimental Procedures.” C, Western analysis of MnSOD
and p53. The membrane was stripped and re-probed with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody as the loading control. Statistical analyses were performed
in three independent experiments **, p<0.01 compared with the control; #, p<0.01 compared
with the corresponding treatment.

Dhar et al. Page 18

J Biol Chem. Author manuscript; available in PMC 2009 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5. p53 modulates transcription of MnSOD as well as other target genes
HepG2 cells were transfected with control siRNA or p53 siRNA along with MnSOD promoter
(−555 to+24)-driven luciferase reporter vectors. After 24 h of co-transfection, cells were split
into separate dishes and grown for another 24 h. A, cells were collected for luciferase activity
as a measure of MnSOD gene transcription. B, total RNA was isolated from control siRNA-
or p53 siRNA-transfected HepG2 cells. RT-PCR was carried out using primers for each specific
gene as described under “Experimental Procedures.” C, HepG2 cells were transfected with p53
expression vector (pcDNA3.1/p53, 4µg) or empty-vector (pcDNA3.1, equivalent amount), and
total RNA was purified. The mRNA level of Bax gene under p53 overexpression conditions
was determined by RT-PCR. A transcriptional off-target, the β-actin mRNA, was examined
as an internal control. Statistical analyses were performed in three independent experiments
**, p < 0.01 compared with the control.
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FIGURE 6. Interaction of p53 with MnSOD promoter
HepG2 cells were transfected with either p53 expression vector (pcDNA3.1/p53, 4µg) or
empty-vector (pcDNA3.1, equivalent amount) and then stimulated with TPA for 12 h.
Similarly, cells were co-transfected with p53 expression vector or empty vector with Sp1
siRNA or control siRNA. ChIP assay was carried out as described under “Experimental
Procedures.” A, chromatin-immunoprecipitated proteins were detected by Western analysis.
DMSO, Me2SO. B, in vivo interactions of p53 with the promoter or the enhancer region of
MnSOD gene were determined by ChIP assay. Precipitated DNA was analyzed by PCR using
primers specific to MnSOD promoter (−555 to +24) and enhancer (1742 to 2083). Purified
DNA from the ChIP assay before immunoprecipitation was amplified with β-actin primer and
used as an input loading control. C, cells were transfected with single or double nucleotide
mismatches Sp1 siRNA. Sp1 and MnSOD protein levels were determined to verify the control
siRNA and target Sp1 siRNA effects. D, in vivo interactions of p53 with MnSOD promoter or
Bax promoter upon suppression of Sp1 protein by Sp1 siRNA was determined by ChIP assay.
E, Western blotting was used to determine that overexpression of Sp1 siRNA suppresses Sp1
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protein and overexpression of p53 increases p53 protein levels. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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FIGURE 7. Mutation of Sp1 binding sites abrogates p53 effects on MnSOD transcription
A, schematic representation of the MnSOD basal promoter and specific mutations of its Sp1
sites in the construct were shown as black boxes. B, either p53 expression-vector (4 µg) or
empty vector (equivalent amount) along with MnSOD promoter-driven luciferase reporter
vector were transfected in HepG2 cells. Parallel transfection experiments were performed using
MnSOD promoter-driven luciferase reporter vectors, where three or five Sp1 binding sites in
the promoter region were mutated. After 24 h of co-transfection, cells were washed and grown
for another 24 h, and then cells were treated with TPA (100 nM) for 12 h. Cell lysates were
collected, and luciferase activity was measured as a determinant of MnSOD gene transcription.
DMSO, Me2SO. C, EMSA was performed to check whether there was interference due to the
direct binding of p53 to Sp1 binding sites. No binding of purified p53 protein (EMSA grade)
to the Sp1 consensus sequence was detected. Each data point represents the mean ± S.D. of
three experiments. **, p < 0.01 compared with the control; #, p < 0.01 compared with
corresponding treatment; *, p < 0.05.
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FIGURE 8. p53 suppresses Sp1-mediated MnSOD gene transcription
HepG2 cells were co-transfected with Sp1 siRNA and p53 expression (4µg) vector (A) or Sp1
expression vector and p53 expression vector (4µg) (B) along with the MnSOD promoter-driven
luciferase reporter vector. After 24 h of co-transfection, cells were washed and grown for
another 24 h and harvested, and then the reporter gene activity was determined. The
corresponding nuclear extract was subjected to 10% SDS-polyacrylamide gel electrophoresis,
and proteins were determined by Western blotting. Statistical analyses were performed in three
independent experiments. **, p < 0.01 compared with the control.
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