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The Redox-Sensitive DNA Binding Sites Responsible
for Age-Related Downregulation of SMP30
by ERK Pathway and Reversal by Calorie Restriction
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ABSTRACT

It was recently found that age-related changes in SMP3(0 expression can be modulated by antioxidative action.
In the current study, the modulation of SMP30 gene expression was explored by (a) antioxidative calorie re-
striction (CR), (b) proinflammatory lipopolysaccharide (LPS), in aged rat, (c) oxidative stress promoter, fert-
butylhydroperoxide (.-BHP)-injected mouse, and (d) --BHP-treated Ac2F cells. Utilizing EMSA, particular at-
tention was given to the binding activity of unidentified transcription factor in sites 3 and 5 that are located in
—800 bp of the SMP30 promoter. Results showed that CR prevented the age-related decrease in SMP30 ex-
pression, and also showed that SMP30 gene expression and binding activities of sites 3 and 5 decreased with
treatments of £~-BHP or LPS. These findings were confirmed by the antioxidant NAC and ERK-specific in-
hibitor PD098059 that blunted decreased SMP30 gene expression and binding activity of sites 3 and 5 by ¢-
BHP in Ac2F cell system. Our data strongly indicate that the SMP30 transcriptional process is redox-sensitive
and its modulation occurs at DNA binding sites 3 and 5 in the promoter region. Perhaps a more significant
finding of the present study is that the downregulation of SMP30 is likely involved in ERK signal pathway. 4n-
tioxid. Redox Signal. 8, 671-680.

INTRODUCTION kDa with a pl value of 4.9 (7, 15). Since its function includes

maintaining Ca2* homeostasis by enhancing plasma mem-
brane Ca?*-pumping activity (13), the downregulation of
SMP30 expression in aged tissue may induce the dysregula-

CCUMULATED DATA strongly indicate that a major cause of
deterioration of physiological function occurring during

aging is due to upregulated oxidative stress. Most senes-
cence-related changes in the expression of functional cellular
proteins are considered to consist of multiple deteriorative
factors influencing various cellular activities and homeostasis
during aging (35).

The newly characterized senescence marker protein-30
(SMP30) is an important Ca2*-regulating protein present in
hepatocytes and renal tubular epithelia that is known to de-
crease during the aging process. Its molecular size is about 30

tion of Ca?* homeostasis, resulting in alterations of the sig-
naling system (6) and cellular function (4, 22, 28). Moreover,
the age-related downregulation of SMP30 has been reported
to cogitate under elevated inflammatory conditions during
aging (6, 9). Therefore, an age-associated decrease of SMP30
in the aged liver and kidney can be expected to predispose the
organ to cell damage with age (19).

Experimental findings from studies using SMP30-
deficient (SMP30—/—) mice have established a causal rela-
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tion between the age-associated decrease in SMP30 and age-
associated organ disorders (16). In the SMP30—/— mouse,
the liver proved to be more susceptible to the inflammatory
cytokine TNFa- and Fas-mediated apoptosis than wild-type
mice, both in vitro and in vivo (14). These investigators
showed that SMP30 functions to protect cells from apoptosis
and that reduced SMP30 expression accounts for age-associ-
ated deterioration of cellular functions that consequently en-
hances and aged organism’s susceptibility to harmful stimuli
such as inflammatory mediator, TNFa (14, 16).

Although SMP30 recently was suggested to exert an effec-
tive action on cell proliferation (12), the possible underlying
cellular mechanisms were not well defined. At the molecular
level, there are several binding sites of unidentified nuclear
proteins in the SMP30 promoter region that participate in the
differential expression of SMP30 in concert with other regu-
latory factors associated with aging (6). For example, the
DNA binding activity of Spl declines during aging in rodent
liver (1, 31). This may contribute to the downregulation of
SMP30 gene expression in aged animals (6, 19). To better un-
derstand the molecular mechanism of the differential expres-
sion of SMP30 gene, Supakar ef al. (32) investigated the
SMP30 promoter region using DNase I foot-printing and
electrophoretic mobility shift assay (EMSA) (32). These in-
vestigators identified several DNA binding sites of nuclear
transcription factors that interact within 0.8 kb of the SMP30
gene promoter.

Calorie restriction (CR) has been shown to be one of most
effective modulators of oxidative stress (35), which according
to the evidence, shows lifespan prolongation that correlates
with the differential expression of functional proteins involved
in energy metabolism, stress responses, and Ca2* regulation
(23). In addition, the administration of free radical scavengers
to an aged animal is shown to reverse protein oxidation levels
and to restore the animal’s redox state, which results in re-
duced age-related deterioration (8). Moreover, CR is reported
to regulate the increase of oxidative stress-related cellular ki-
nases, such as p38, ERK, and JNK, which are also calcium-re-
lated cell signaling kinases. While these kinases are shown to
be upregulated by both oxidative stress and increased calcium
levels, they are downregulated by CR (11, 20).

We report here in our experimental data on the age-related
decrease of SMP30 with respect to the effects of age-related
increases in oxidative stress and its antioxidative action. To
characterize the effects of the redox status on SMP30 expres-
sion and its promoter activity, we investigate whether the
transcriptional downregulation of SMP30 causes a decrease
unidentified transcriptional binding activity at sites 3 and 5,
which are suggested to be regulated by oxidative stress during
aging. In addition, we attempt to show that the downregula-
tion of SMP30 gene expression and the binding site activities
are implicated in the ERK pathway.

MATERIALS AND METHODS
Materials
Reagents. Anti-SMP30 primary antibody was kindly

supported by Dr. Maruyama at Japan’s Tokyo Metropolitan In-
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stitute of Gerontology. A horseradish peroxide-conjugated
donkey anti-rabbit antibody was obtained from Amersham
(Amersham, Bucks, UK). Polyvinylidene difluoride (PVDF)
membranes were obtained from Millipore Corporation (Bed-
ford, MA, USA). The radionucleotide [y-2P]-ATP was ob-
tained from Amersham (Bucks, UK). Chemicals, both tert-
butylhydroperoxide (+~-BHP) and lipopolysaccharide (LPS)
were purchased from Sigma (St. Louis, MO, USA). Specific
inhibitors for each of the kinases were obtained from Cal-
biochem (Darmstadt, Germany). All other chemicals were of
the highest purity available from either Sigma Chemical Co. or
Junsei Chemical Co. (Tokyo, Japan).

Animals. Specific pathogen-free male Fischer 344 rats
were fed a diet of the following composition: 21% soybean
protein, 15% sucrose, 43.65% dextrin, 10% corn oil, 0.15% «-
methionine, 0.2% choline chloride, 5% salt mix, 2% vitamin
mix and 3% Solka-Floc. All rats were fed ad libitum (AL) until
6 weeks of age, at which time they were divided into two
groups: ad libitum-fed control group and calorie-restricted
(CR) group. In the CR group, food intake was restricted to
60% of the food intake of the control group. Rats at 6, 12, 18,
and 24 months of age were used in this study. For the inflam-
matory-induction experiments, rats at 13 and 31 months of age
were intraperitoneally (i.p.) injected with 5 mg/kg LPS, 5 h be-
fore sacrifice.

In a separate experimentation to test the challenge of ox-
idative stress, male ICR mice were at 5 weeks of age were i.p.
injected at two dose levels of ~-BHP, 30 and 70 mg/kg, 5 h be-
fore sacrifice.

Methods

Tissue preparation. Livers from male, specific patho-
gen-free, Fischer 344 rats that were raised in the barrier facili-
ties at the University of Texas Health Science Center at San
Antonio, Department of Physiology, San Antonio, TX, USA,
were used in the study. Complete descriptions of the housing,
care, and feeding of the animals have been reported elsewhere
(35). At 6, 12, 18, and 24 months of age, the rats were decapi-
tated, their chests were opened, and their livers were quickly
excised and immersed in ice-cold isotonic saline.

For the LPS challenge, rats at 13 and 31 months of age
were i.p.-injected (5 mg/kg) with LPS. At 5 h following injec-
tion, the rats were decapitated and livers were quickly re-
moved, and were immediately immersed in liquid nitrogen
and stored at —80°C. The procedures used for the +~-BHP in-
jected mice were consistent with those used for sacrifice and
tissue removal from rats.

To obtain a cytosol fraction, tissues of rats and mice were
homogenized in ice-cold homogenization solution (50 mM
potassium phosphate buffer containing 1 mM EDTA, 1 mM
p-aminobenzamidine, 1 pM pepstatin, pH 7.4) and cen-
trifuged at 900 g at 4°C for 15 min. Then, the supernatant was
additionally centrifuged at 12,000 g at 4°C for 15 min.

Cell culture. A normal rat liver cell line, Ac2F was ob-
tained from the American Type Culture Collection (Rockville,
MD, USA). Cells were cultured in Dulbecco’s modified Eagle’s
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medium (DMEM) medium (Nissui Co., Tokyo, Japan) supple-
mented with 10% heat-inactivated (56°C for 30 min) fetal
bovine serum (HyClone, Logan, UT, USA), 5.84 mg/ml gluta-
mine, 0.25 pg/ml amphotericin, and 100 unit/ml penicilline-
streptomycin solution (Gibco, Grand Island, NY, USA) and ad-
justed to pH 7.4-7.6 by NaHCO,. Oxygen tensions in the
incubator were 140 mmHg (5% CO,, 20% O,, 75% N,; nor-
moxia) in a humidified incubator at 37°C. Each experiment is
used at 80% confluence of cell.

Nuclear extract preparation. Extracts from rat tis-
sues. All solutions, tubes, and centrifuges were maintained at
0°—4°C. For each nuclear extract preparation, three livers were
used. The preparation of nuclear extracts was based on previ-
ous publications (9). The nuclear extract was frozen at —70°C
in aliquots until electrophoretic mobility shift assay (EMSA)
was done.

Extracts from cultured liver. Nuclear extracts were pre-
pared and assays were performed by a modified procedures
as previously described (17) using cultured liver cells (Ac2F).
Cells were harvested, washed with phosphate-buffered saline,
and subjected to centrifugation at 3000 rpm at 4°C for 5 min.
The washed cells were resuspended in “hypotonic buffer” [10
mM Tris-HCI, pH 8.0, containing 1.5 mM MgCl,, 1 mM DTT,
0.1% Nonidet-P40, 5 pg/ml pepstatin, 5 pg/ml aprotinin, and
10 uM N-CBZ-LEU- LEU-LEU-AL (CBZ-LLL)] and let
stand on ice for 20 min. Then cells were subjected to centrifu-
gation at 12,000 rpm at 4°C for 15 min. The supernatants
were used as cytosol. The pellets were resuspended in “nu-
clear extract buffer” (10 mM Tris-HCI, pH 8.0, containing 50
mM KCI, 300 mM NaCl, 1 mM DTT, 5 ug/ml pepstatin, 5
pg/ml aprotinin, and 10 pM CBZ-LLL). After incubation on
ice for 30 min, the sample was subjected to centrifugation at
12,000 rpm at 4°C for 30 min. The supernatant was collected
directly and defined as the nuclear extract.

Western blot. To investigate changes of gene expres-
sion in SMP30, we used Western blot to examine the cytosol
fractions of livers and cell lysates. Samples were boiled for 5
min with a gel loading buffer. Total protein equivalents for
each sample were resolved on a 12% SDS polyacrylamide mini
gel, which were transferred to PVDF membrane at 100 voltage
for 1.5 h. The membrane was immediately placed in blocking
buffer (nonfat milk) in 10 mM Tris, pH 7.5, 100 mM NacCl, and

TABLE 1.
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0.1% Tween-20. The blot was allowed to block at room temper-
ature for 1 h. The membrane was incubated with specific
primary antibody for 1-2 h at 25°C, followed by another incu-
bation with a secondary antibody, a horseradish peroxidase-
conjugated donkey anti-rabbit antibody (1:5000; Amersham).
Antibody labeling was detected using enhanced chemilumines-
cence (ECL) per the manufacturer’s instructions and exposed
to hyperfilm (Amersham).

Electrophoretic mobility shift assay (EMSA).
The electrophoretic mobility shift assay (EMSA) method was
used to characterize the binding activities of known and novel
transcription factors of the SMP30 promoter in nuclear extracts
(21, 32). All of the oligonucleotides were synthesized from
Bioneer (Daejeon, Korea); their sequences are shown in Table 1
(32). Complementary oligonucleotides synthesized separately
were annealed in 20 mM Tris-HCI (pH 7.6), 50 mM NacCl, and
10 mM MgCl, after end-labeling with T4 polynucleotide kinase
(Promega) and the radionucleotide [y-32P]-ATP (Amersham).
Protein-DNA binding assays were performed with 15-25 ug of
nuclear extract. To minimize salt on binding, the concentration
of salt was adjusted to the same level in all samples. Nonspe-
cific binding was blocked using 1 pg of poly (dI-dC)-poly(dI-
dC). The binding medium contains 5% glycerol, 1.0 mM Tris-
HCI (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM DTT (32). In
each reaction 20,000 cpm of radiolabeled probe was included.
For Sp1 binding assays, 1.0% (v/v) Nonidet P40 was included.
Samples were incubated at room temperature for 20 min. The
nuclear protein-32P-labeled oligonucleotide complex was sepa-
rated from free 32P-labeled oligonucleotide by electrophoresis
through a 6% native polyacrylamide gel in a running buffer of
0.5X TBE (50 mM Tris, pH 8.0, 45 mM boric acid, 0.5 mM
EDTA). After a suitable separation was achieved, the gel was
vacuum dried for autoradiography and exposed to Fuji X-ray
film exposing at —80°C for 1-2 days.

Assessment of oxidative stress. We used oxidation-
sensitive carboxy-H,DCFDA (C400) and oxidation-insensitive
carboxy-DCFDA (C369) fluorescent dyes. The oxidation-
insensitive C369 dye was used as a control to ensure that
changes in the fluorescence seen with the oxidation-sensitive
C400 dye were due to changes in RS production. The C400 and
C369 were freshly dissolved with homogenate buffer and
added to liver homogenate in a 96-well plate to achieve a final

DNA SEQUENCES FOR DOUBLE-STRANDED OLIGONUCLEOTIDES USED IN EMSA

Oligonucleotide (5" — 3’) Nucleotide position

Sequence

Site 3 (=775 to —752)
Site 4 (=739 to —713)
Site 5 (—585to —565)
Site 6 (—542to —513)
GATA (=304 to —277)
Spl Commercial sequence

5'-GCCTAGTTCAAAGCAGTAAGACCC-3’
5'-GTTGAAGGTGCTGGCAATTTCCATCAG-3'
5'-GTCTTTGGCCTAAAGTCCAAG-3’
5'-GGGTTCAAGGCTCCCTGCCAAACTGGCCTC-3'
5'-GGAGATAGGGACAGTGCCAGCTCTTCAT-3'
5'-ATTCGATCGGGGCGGGGCGAGC-3’

Only the sense strand is shown for each site. These sites were determined by DNase I footprinting on the SMP30 promoter. Site
3, site 4, and site 5 were demonstrated as novel DNA binding sites of nuclear transcription factors. GATA and Sp1 were regarded

as contributing to the regulation of SMP30 gene expression (23).
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concentration of 25 pM. The change in fluorescence intensity
was monitored at every 5 min for 30 min (Genius, Tecan In-
struments, Ex 485 nm/Em 530 nm) (21).

Protein assay. The protein concentration was mea-
sured using Lowry’s method (25) or bicinchoninic acid method
based on bovine serum albumin as the standard.

Statistical analysis. Results were analyzed statisti-
cally using one factor ANOVA. Values of p < 0.05 were consid-
ered statistically significant.

RESULTS

Effects of age-related oxidative stress
and CR on SMP30 gene expression

To investigate effects of age-related oxidative stress on
SMP30 gene expression in aged rat liver, SMP30 protein lev-
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els were measured using Western blot analysis. Further, to as-
sess the overall age-related oxidative status, total reactive
species (RS) levels were measured with a carboxy-H,DCFDA
probe (C400) in liver homogenates. Results in Figure 1A
show changes in RS levels with age in the AL group, most no-
tably in 24-month-old rats. However, CR rats showed consis-
tently reduced RS levels compared with their AL counterparts
at all ages studied. The mean fluorescent intensity of nonoxi-
dation sensitive dye (C369) did not change during aging,
meaning that age and CR were closely related to the levels of
oxidative stress. The results shown in Figure 1B indicate a
significant decrease in the cytoplasmic SMP30 protein level
in livers from the AL-fed rats, while the livers of the CR rats
were shown to have slightly decreased levels of SMP30 pro-
tein throughout life. The same tendency of reduced decreases
in SMP30 by CR during aging was observed in nuclear
SMP30 with cytosol. Thus, a decline in SMP30 gene expres-
sion with age was counteracted by the antioxidative actions of
CR.

To further investigate the effect of oxidative stress on
SMP30, a potent of oxidative inducer -BHP was injected to
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male ICR mice. Also, cultured Ac2F liver cells were treated
with #~-BHP. Results in Figures 1C and 1D show that the de-
creased SMP30 expression correlated dose-dependently with
t-BHP-induced oxidative stress.

Effect of age-related oxidative stress on
transcriptional regulation of SMP30

Tests were performed to ascertain whether the downregu-
lation of SMP30 may be due to reduced transcriptional regu-
lation. Since the SMP30 promoter region contains many tran-
scription binding sites, including Spl, GATA factor, and
newly discovered novel transcription binding sites, they were
also examined.

Figure 2 shows the binding sites of transcription factors. To
examine how aging and CR can affect DNA binding activi-
ties, EMSA was performed using rat nuclear protein. Spl and
GATA factors were compared against the DNA binding activ-
ities at sites that are redox-sensitive transcription factors.
Furthermore, as shown in Figure 2A, DNA binding activities
at sites 3 and 5 decreased more significantly with age com-
pared to sites 4 and 6. Figure 2B on the DNA binding activi-
ties of GATA and redox sensitive Spl shows a comparison
with the effect of age and CR among sites 3, 4, 5, and 6. How-
ever, the DNA binding activities of GATA and Sp1 showed no
significant age-related changes in relative to the DNA bind-
ing activities of sites 3 and 5, raising the possible implication
of site 3 and 5. The sensitivity of SMP30 transcription to ox-
idative stress was detected by the LPS-induced treatment,
which causes oxidative stress. We used EMSA to explore the
exaggerated effect of LPS-induced oxidative stress on DNA
binding activity during aging. As shown in Figure 2C, al-
though the DNA binding activities of sites 3 and 5 decreased
in the old group, the decrease in the LPS-challenged group
was much more severe during aging. These results showed
that transcriptional binding activities of SMP30 significantly
decreased by an aggravated response from age-related and
LPS-induced oxidative stress. However, as Figure 2C shows,
changes in the DNA binding activities of sites 4 and 6 by the
LPS-challenge showed no clear decreases. GATA was shown
as comparing it to unidentified transcription factors. There-
fore, results indicate that DNA binding activities of sites 3
and 5 are redox-sensitive.

Effects of oxidant t-BHP and antioxidant NAC on
DNA binding activities of unidentified
transcription factors in vitro

Binding activities at sites 3 and 5 are influenced by in-
creased RS during aging (Figs. 2A and 2C). To verify more
directly the effect of oxidative stress on sites 3 and 5, r~-BHP
treatment was used in nuclear protein to observe any changes
in DNA binding activities of unidentified factors in vitro. As
Figure 3A shows, DNA binding activities at sites 3 and 5 de-
creased in a dose-dependent manner with /~-BHP treatment,
but sites 4 and 6 and GATA changed little (Fig. 3B). Thus, re-
sults show that sites 3 and 5 seem sensitive to oxidative stress.
To further explore the finding of the +-BHP effect, we used an
inhibitor of oxidative stress, the potent antioxidant, NAC, to
block the ~-BHP-modulated binding activities of sites 3 and 5,
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confirming data in Figure 3C. Results in Figure 3C showed
that antioxidant, NAC treatment dose-dependently amelio-
rates the decreased binding activities of sites 3 and 5.

Evidence for the effects of oxidant t-BHP and ERK
inhibitor in a cultured cell system

To verify effects of oxidative stress and an antioxidant on
SMP30 gene expression and the DNA binding activities of
sites 3 and 5, we compared the actions of #~-BHP and NAC on
DNA binding activities in a cell nuclear extract. Cells were
incubated with ~-BHP and NAC during 1 h for separation of
nuclear fraction and 5 h for separation of cytoplasmic frac-
tion, respectively. Data in Figure 4A shows that decreased
SMP30 expression by ~-BHP was blunted by the addition of
NAC. DNA binding activity of sites 3 and 5 showed a similar
tendency in the expression of SMP30. In view of these re-
sults, age-related oxidative stress is responsible for the de-
cline in SMP30 with age.

To determine the effects of oxidative stress and potentiality
the phosphorylation of NF-kB and MAPK on SMP30 gene
expression and DNA binding activities of sites 3 and 5, treat-
ments with kinase inhibitors and -BHP were tested. Cells
were incubated with ~-BHP and several kinase inhibitors, Bay
11-7085, PD098059, SB203580, and Wortmannin (specific
inhibitors for NF-kB, ERK, MAPK, and phosphatidylinositol
3-kinase (PL,K), respectively) for 1 h to separate the nuclear
fraction or for 5 h to separate the cytoplasmic fraction. Figure
SA reveals that SMP30 expression decreased from the r~-BHP
treatment, whereas the cells treated with the ERK specific in-
hibitor, PD098059, recovered significantly from the de-
creased SMP30 brought about by +-BHP. As shown in Figure
5B, DNA binding activity at sites 3 and 5 decreased with #-
BHP treatment, and was reversed with PD098059 treatment.
These results revealed that the oxidative stress-induced de-
crease of DNA binding activity at sites 3 and 5 are likely reg-
ulated by the ERK pathway.

DISCUSSION

The current study was undertaken to elucidate the tran-
scriptional regulation of SMP30 under increased oxidative
stress during aging. Our data showed that the decline in the
binding activity is due mainly to an inability of sites 3 and 5
to bind with nuclear transcriptional factors, which are influ-
enced by redox status. Our findings also suggested that the
declined transcriptional regulation of SMP30 is regulated by
the ERK pathway. Based on these new revelations, we con-
structed a schematic model of SMP30 in Figure 5.

Supakar et al. (32) reported that an —800 bp upstream
SMP30 promoter region and several novel DNA binding sites
of transcription factors. To characterize the relation between
senescent-related oxidative stress and SMP30 gene expres-
sion as a senescence marker protein, we studied the DNA
binding activities of unknown transcription factors. The re-
sults from our current study affirmed the importance of the
binding activities at sites 3 and 5 in relation to the transcrip-
tional regulation of SMP30 as revealed by EMSA data. The
results showing no correlation between GATA DNA binding
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activities and aging, compared to activity at sites 3 and 5 indi-
cates that the decreased DNA binding activity at sites 3 and 5
occurs in their promoter regions due to increased oxidative
stress. To verify these results, we checked binding activities
of the SMP30 promoter region utilizing oxidative stress-
promoting, LPS-treated rats. Findings from the LPS treat-
ment that elicits oxidative stress showed suppressed nuclear
binding activity and that the antioxidant, NAC, blocked de-
creased DNA binding activities at sites 3 and 5, further sup-
porting the binding reaction’s sensitivity to the redox condi-
tion. However, the exact nature of oxidative modifications
that influence the binding reaction is yet to be determined.
Redox-based gene expression has emerged as a fundamen-
tal regulatory mechanism of several redox-sensitive tran-
scription factors that have been ascribed as apparent redox-
sensing activity (24, 30). The functional thiol group of
conserved cysteinyl residues in signal proteins account for
their redox-sensing properties, which are oxidized and poten-
tially affect redox signaling. Signals are transduced from the
cell’s surface into the nucleus through phosphorylation and
dephosphorylation chain reactions of amino acid residues
such as tyrosine and serine/threonine (33). Protein phosphor-
ylation is one of the most fundamental mediators of cell sig-

naling and is redox-sensitive. DNA-binding proteins, like
NF-kB, AP-1, and p53, contain reactive thiols in their binding
regions, and also are involved in the regulation of the redox
status (26, 27). When the cysteine residues of a redox-
sensitive transcription factor are phosphorylated, DNA bind-
ing activity is upregulated or downregulated by oxidative
stress-induced phosphorylation (18).

Our previous work suggested that the downregulation of
SMP30 with age is likely due to increased oxidative stress
(19). In the current study, decreased SMP30 was further ex-
plored with the use of LPS and ~-BHP challenges, both of
which elicit oxidative stress that mimic what might occur with
aging. Both +~BHP and LPS also are reported to be potent
stimuli that induce oxidative stress in various cell culture sys-
tems, including hepatocytes, erythrocytes, and fibroblasts (5,
29), and several tissues such as brain, testis, and heart (2, 10).
With +-BHP and LPS treatments, binding sites 3 and 5 showed
significantly decreased binding activity, indicating the redox-
sensitive nature of the DNA binding reaction. Results showing
downregulated SMP30 by oxidative stress and the counterac-
tion by CR strongly suggested that the change in SMP30 oc-
curring during aging is likely elicited by oxidative stress, in-
fluencing the redox-responsive binding at sites 3 and 5.
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FIG. 6. Potential pathway for SMP30 gene expression regu-
lation via ERK. Age-related oxidative stress leads to redox
imbalance, decreasing SMP30 gene expression. Binding sites 3
and 5 that concern redox-sensitive SMP30 transcription are
downregulated by oxidative stress and regulated by the ERK
pathway. This is a hypothetical scheme for the age-associated
decrease in SMP30 by oxidative stress that focuses on binding
sites 3 and 5. SMP30 plays an important role as a Ca2* regulat-
ing protein, which removes Ca?* from the cytosol across the
plasma membrane. In aged tissues, the gene expression of
SMP30 is decreased, thereby influencing the alteration of the
signaling system and the emergence of age-associated deterio-
ration of cellular function associated with hypoxia, inflamma-
tion, and aging (6). Thin arrow, present work; bold arrow, re-
ported results.

Given the ubiquitous expression of the MAPK pathway, the
high degree of evolutionary conservation, and the wide range
of cell-surface stimuli that trigger ERK activation, it is not sur-
prising that this signaling module is involved in a vast number
of cellular functions, including proliferation, differentiation,
survival, migration, and adhesion. The large number of various
stimuli that can lead to ERK activation renders ERK an essen-
tial signaling cross-road within the cell. Compelling evidence
links ERK activation to cell degeneration and even cell death
by exerting noxious effects leading to excitotoxicity or oxida-
tive stress by increasing reactive oxygen species (ROS) (3). It
was suggested that the kinetics and duration of ERK activation
may determine whether downstream targets will trigger benefi-
cial or detrimental effects on cells (e.g., a prolonged activation
of ERK following ROS elevation). Additionally, cellular senes-
cence is characterized by the ERK pathway in its participation
in cell death due to oxidative stress and calcium dysregulation
(34). Investigators report that senescent cells accompany the
activation of the ERK pathway, which is consistent with reports
that show a defective accumulation of ERK1/2 entered senes-
cence after serial passage in the cell (3, 34).

To date, finding a link between the ERK pathway and
SMP30 has not been reported. In this study, we showed that
the inactivation of signal pathway ERK by the inhibitor,
PD098059 may rescue the cell from the oxidative stress-
induced decrease in SMP30 gene expression via binding sites
3 and 5. These molecular modulations revealed the decline of
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SMP30 gene expression through the regulation of the ERK
pathway. Our study showed that the downregulated transcrip-
tional expression of SMP30 and the downregulated SMP30
during aging are likely caused by decreased binding activity
of transcription factors at sites 3 and 5 due to increased age-
related oxidative stress. Our study further showed that the
downregulation of both SMP30 gene expression and its tran-
scriptional activity are implicated in the ERK pathway.
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ANOVA, analysis of variance; bp, base pair; C-SMP30,
cytosolic senescence marker protein-30; CR, calorie restric-
tion; EMSA, electrophoretic mobility shift assay; ERK, ex-
tracellular signal regulated kinase; GATA, transcription fac-
tor GATA binding protein; JNK, c-Jun-N-terminal kinase;
LPS, lipopolysaccharide; MAPK, mitogen activated protein
kinase; NAC, N-acetylcysteine; NF-kB, nuclear factor kB;
PVDF, polyvinylidene fluoride; ROS, reactive oxygen
species; SMP30, senescence marker protein-30; Spl, tran-
scription factor stimulating protein, #-BHP, tert-butylhy-
droperoxide; TNFa, tumor necrosis factor a.
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