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ABSTRACT: Prostaglandin B(PGDy), a major cyclooxygenase product in a variety of tissues and cells,
readily undergoes dehydration to yield electrophilic PGs, such as 15-de8¥§-PGJ} (15d-PGJ). We

have previously shown that 15d-PGdotently induces apoptosis of SH-SY5Y human neuroblastoma
cells via accumulation of the tumor suppressor gene product p53. In the study presented here, we
investigated the molecular mechanisms involved in the 15d-R@diced accumulation of p53. It was
observed that 15d-Pgpgotently induced p53 protein expression but scarcely induced p53 gene expression.
In addition, exposure of the cells to 15d-BG®dsulted in an accumulation of ubiquitinated proteins and

in a significant inhibition of proteasome activities
proteasome pathway, a regulatory mechanism of
turnover were attributed to its electrophilic feature,

, suggesting that 15d-RG&&d on the ubiquitin

p53 turnover. The effects of 15di#PB& protein
based on the observations that (i) the reduction of the

double bond in the cyclopentenone ring of 15d-P@dually abolished the effects on protein turnover,

(i) overexpression of an endogenous redox regulator, thioredoxin 1, significantly retarded the inhibition
of proteasome activities and accumulations of p53 and ubiquitinated proteins induced by 15d+IGJ

(iii) treatment of SH-SY5Y cells with biotinylated 15d-P£&iddeed resulted in the formation of a 15d-
PGJ—proteasome conjugate. These data suggest that the modulation of proteasome activity may be involved
in the mechanism responsible for the accumulation of p53 and subsequent induction of apoptotic cell

death induced by 15d-P&J

The prostaglandins (PGsare a family of structurally

converted to one of several related products, including RGD

related molecules that are produced by cells in response toPGE,, PGha, prostacyclin (PG), and thromboxane A

a variety of extrinsic stimuli and that regulate cellular growth,
differentiation, and homeostasik ). PGs are derived from
fatty acids, primarily arachidonate, which are released from

membrane phospholipids by the action of phospholipases.

Arachidonate is first converted to an unstable endoperoxide

through the action of specific PG synthetases. P@&Da

major cyclooxygenase-catalyzed reaction product in a variety
of tissues and cells and has significant effects on a number
of biological processes, including platelet aggregation, the
relaxation of vascular and nonvascular smooth muscles, and

intermediate by cyclooxygenases and then is subsequentlynerve cell functions3). It has been shown that PGBeadily

undergoes dehydratidan »ivo andin vitro to yield biologi-
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ring (cyclopentenone PGs), have their own unique spectrum
of biological effects, including antitumor activity, the inhibi-
tion of cell cycle progression, the suppression of viral
replication, the induction of heat shock protein expression,
and the stimulation of osteogenest.(

Many types of mammalian cells undergo apoptosis during
normal development or in response to a variety of stimuli,
including DNA damage, growth factor deprivation, and
abnormal expression of oncogenes or tumor suppressor genes
(6—8). Apoptosis induced by these various agents appears
to be mediated by a common set of downstream elements
that act as regulators and effectors of apoptotic cell death.
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In many cases, apoptosis requires the p53 tumor suppress
protein @). Overexpression of p53 not only is induced by W
several cell death stimuli but also is itself sufficient to induce
apoptosis in gene transfer assayf)( We have recently
shown that 15d-PGJnduces apoptosis of SH-SY5Y human
neuroblastoma cellgia accumulation of p53. Moreover, the
Fas/Fas ligand (FasL) pathway has been identified as the
downstream signaling mechanism in p53-mediated apoptosi

(12).

In the study presented here, we investigated the molecular
mechanism involved in the p53-mediated neuronal cell death
induced by 15d-PGJand found that the accumulation of
p53 could, at least in part, be attributed to disruption of the
proteasome-dependent regulatory mechanism of protein
turnover. Proteasome is a large multisubunit protease com-
plex that selectively degrades intracellular proteitiz{(14).

Most of the proteins removed by these proteases are tagge
for destruction by ubiquitination. Proteasome has a role to
play in controlling cellular processes, such as metabolism
and the cell cycle, through signal-mediated proteolysis of
key enzymes and regulatory proteins. It also operates in the
stress response by removing abnormal proteins and in th
immune response by generating antigenic peptides. Thus, ou
findings suggest that 15d-P&dould be an endogenous

modulator of the proteasome-dependent regulation of cellular

functions.

EXPERIMENTAL PROCEDURES

Materials. 15d-PGJ and 9,10-dihydro-15d-PGJwere
obtained from the Cayman Chemical Co. (Ann Arbor, MI).

S

€
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(Boc-LSTR-MCA) for the trypsin activity of proteasome and
the proteasome inhibitor, MG132, were obtained from the
Peptide Institute, Inc. (Osaka, Japan). Benzyloxycarbonyl-
leucine-leucine-glutamat@NA (Z-LLE-5SNA), a substrate of

the peptidyl-glutamyl peptide hydrolase activity of protea-
some, was obtained from Sigma. Anti-glyceraldehyde-3-
phosphate dehydrogenase monoclonal and anti-20S protea-
someS-subunit polyclonal antibodies were obtained from
Chemicon (Temecula, CA) and Calbiochem (La Jolla, CA),
respectively. Horseradish peroxidase-linked anti-goat and
anti-mouse 1gG immunoglobulins and enhanced chemi-
luminescence (ECL) Western blotting detection reagents
were obtained from Amersham. The protein concentration
was measured using the BCA protein assay reagent obtained
from Pierce.

Cell Culture and Cell ViabilityHuman SH-SY5Y neuro-
blastoma cells (a kind gift of W. Maruyama of the National
Institute of Longevity Sciences) were grown in Cosmedium-
001 (Cosmo-Bio, Tokyo, Japan) containing 5% Nakashibetsu
precolostrum newborn calf serum. Cells were seeded in plates
coated with polylysine and cultured at 3. Cell viability
was quantified with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, cells
incubated with PGs or other chemicals were treated with 10

duL of an MTT solution (5 mg/mL) for 4 h. The cells were

f

hen lysed with 0.04 N HCI in 2-propanol, and cell viability

as determined 24 h later by the level of formazan
production from diphenyltetrazolium salt using a multiplate
reader at 570 nm (630 reference filter).

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated with the isogen reagent
(Nippon Gene, Tokyo, Japan) and spectrophotometrically
guantified. The RT reaction was performed with 4€ of
total RNA and an oligo(dT) primer using the First-Standard
cDNA synthesis kit (Life Technology, Inc., Rockville, MD).
The reaction mixture was then subjected to a brief incuba-
tion at 65°C to inactivate the enzyme. PCRs were carried
out in a final volume of 25L consisting of 10 mM Tris-
HCI (pH 8.3), 50 mM KCI, 0.1% Triton X-100, 20@M
amounts of each deoxyribonucleoside triphosphateuD.5

f the RT first-standard cDNA products, each forward and
everse primer (kM each), and 1.25 units ofTaq DNA
polymerase (Toyobo Co., Osaka, Japan). The reaction
mixtures were heated at 94C for 3 min and then im-
mediately cycled 35 times throbg 1 min denaturing step
at 94°C, a 1.5 min annealing step at 3¢, and a 1 min
extension step at 72C. The following primers were used:

553, B-CAGCCAAGTCTGTGACTTGCACGTAC-3(for-

ward) and 5CTATGTCGAAAAGTGTTTCTGTCATC-3
(reverse).

Proteasome Actity. The peptidase activity of proteasome
was measured using three peptidase activities (chymotrypsin-
like, trypsin-like, and peptidylglutamyl peptide hydrolase)
with fluorogenic peptides as substrates according to the
method of previous reportd §, 17). Cells incubated with

The anti-p53 polyclonal antibody was obtained from Santa 15d-PGdwere washed with phosphate-buffered saline twice
Cruz Biotechnology (Santa Cruz, CA). The anti-ubiquitin and homogenized in 0.8% digitonin (pH 7.8) containing 2
polyclonal antibody was obtained from Biomega Co. (Foster mM EDTA for 10 min at 37°C. Afterward, the lysates were
City, CA). 26S proteasome was purified from rat liver as centrifuged at 5000 rpm for 5 min, and the supernatants were
described previouslyl§). Succinyl-leucine-leucine-valine-  collected as whole cell extracts. The activities of proteasome
tyrosine-MCA (s-LLVY-MCA) for the chymotrypsin activity =~ were measured as follows. Whole cell extracts were incu-
and butoxycarbonyl-leucine-serine-threonine-arginine-MCA bated with 20Q«M fluorogenic peptide substrates for 30 min
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at 37°C in 100uL of assay buffer [L00 mM Tris-HCI (pH A Time after treatment (h)
8.0) containing 1 mM DTT]. After incubation, the reaction 0 05 1 2 4 8 24 24c
mixture was added to 2 mL of 100 mM Tris-HCI (pH 9.0) p53 |- S S e - |

and 100uL of 10% SDS followed by a measurement of the
fluorescence of the cleavage products using a model F-2000
fluorescence spectrophotometer (Hitachi). The fluorescent B
cleavage products of s-LLVY-MCA and Boc-LSTR-MCA
were detected at an emission wavelength of 460 nm
(excitation wavelength of 380 nm), and the fluorescent group
of Z-LLE-SNA was detected at 410 nm (excitation at 335
nm).

Preparation of Biotinylated 15d-PGJThe carboxyl group
of 15d-PGJ was modified by amidation with EZ-link
5-(biotinamido)pentylamine by a modification of a previously 15d-PGJ, - + + + + + + 4
described procedure1®). Briefly, 1 mg of 15d-PGJ LCHX - T 00404 A s s :ﬂgjm:}
(isomeric mixture containing 9695% of thetranscis-12,14
isomer) was made to react with 1 mg of (5-biotinamido)-
pentylamine in the presence of the condensing agent 1-ethyl-

GAPDH | '—l

b=
&
|

Relative intensity

o= NWweE OO

C Time after treatment (h)
0 2 4 8 24 24c

3-(dimethylaminopropyl)carbodiimide. The reaction was P53 |- an an s e -
carried out overnight at room temperature in acetonitrile.
Biotinylated 15d-PGJwas then purified with a reverse-phase GAPDH | = == s e =

HPLC system equipped with a Develosil ODS-HG-5 column , ) )
Ficure 2: Induction of p53 in SH-SY5Y cells treated with 15d-

. . . 0
(4.6 mm x 250.”?”‘) using a linear .gfad'e”t from. 10% PGJ. (A) Time-dependent induction of the p53 protein in SH-SY5Y
aqueous acetonitrile to 100% acetonitrile for 30 min. The ceis treated with 1M 15d-PGJ. Lane 24c shows the level of

elution profiles were monitored by the absorbance at 310 p53 protein in the cells treated with vehicle (DMSO) alone for 24
nm. The biotinylated 15d-PGdvas dried under argon and h. (B) Effect of actinomycin D (Act D) or cycloheximide (CHX)
dissolved in DMSO for further use. iha are shown are mearisihe standard erfor of the mean of thrée
. N thai

Labeling of Proteasome with B'Ot'_nylated 15d'_B®ﬂSH' independent experiments. (C) Time-dependent changes in p53 gene
SY5Y CellsSH-SYS5Y cells were incubated with 10M expression in SH-SY5Y cells treated with 1M 15d-PGJ for
biotinylated 15d-PGJor 2 h. Cells were washed twice with  different time intervals. Lane 24c shows the level of p53 mRNA
phosphate-buffered saline, harvested, and lysed in 10 mMin the cells treated with vehicle (DMSO) alone for 24 h.
Tris-HCI (pH 7.4), 1 mM EDTA, 0.1% SDS, 1% Triton, )
and protease inhibitors. Cell lysates containing 2@00f DNA-GenePORTER mixture (g of DNA/10 uL of
protein were incubated by batch with 50 of NeutrAvidin- GenePORTER) in 1 mL of serum-free Opti-MEM (Gibco)
Plus beads for 24 h at %C with constant shaking. Beads at 37°C. After incubation for 6 h, 1 mL of complete medium
were washed three times with lysis buffer by centrifugation Was added, and the cells were cultured for 18 h. Thereafter,
at 6000 rpm for 1 min. Proteins were eluted by boiling the stable transfectants were isolated by selection on /&0
beads in Laemmli sample buffer for 5 min and analyzed by ML G418 for~3 weeks. Single clones of stably transfected
SDS-polyacrylamide gel electrophoresis followed by im- ceII_s were isolated by I|m|t|ng d.|Iut|o.n. Seyeral G41_87
munodetection with the anti-proteasome antibody. resistant stable clones were maintained in medium containing

Binding of Biotinylated 15d-PGJo Purified Proteasome. ~ 9004g/mL G418.
The proteasome solution (4@/mL) was coated overnight RESULTS
at 4 °C on the wells of the microtiter plate. Following the
wells had been washed with PBS containing 0.05% Tween 15d-PGJ-Induced Accumulation of pS5&xposure of cells
20 (PBS/Tween), 10Q:L of the biotinylated 15d-PGJ to p53-activating signals can lead within a relatively short
solution was added to the wells. After incubatiom #oh at time to a marked elevation in the level of the p53 protein.
37°C, followed by washing with PBS/Tween, each well was To some extent, this can be achieved by enhanced translation
filled with 200 uL of Block Ace solution (40 mg/mL) for1  of the p53 mMRNA, probably involving relief of a translational
h at 37°C. The peroxidase-conjugated NeutrAvidin solution repression mechanism operating through therranslated
was added and the mixture incubatedfch at 37°C. After region of this mRNA {9). To establish the molecular
washing had been carried out, 1@00f 0.05 M citrate buffer mechanism involved in the p53-mediated neuronal cell death
(pH 5.5) containing 0.4 mg/mlo-phenylenediamine and induced by 15d-PGJwe investigated the regulatory mech-
0.003% HO, was added and the mixture incubated for anism of p53 protein accumulation. As shown in Figure 2A,
several minutes at room temperature. The reaction wasthe time course of p53 protein induction in SH-SY5Y cells
terminated by adding 50L of 2 M sulfuric acid, and the  treated with 15d-PGJ(10 uM) revealed a maximal ac-
absorbance at 490 nm was read on a micro-ELISA plate cumulation & 8 h followed by a gradual decline to 24 h.
reader. The 15d-PGginduced accumulation of the p53 protein was

Stable Transfection with Thioredoxin 1 (Trx) in SH-SY5Y found to require both RNA and protein synthesis, because
Cells. SH-SY5Y cells were transfected with the pcTrx1 actinomycin D and cycloheximide, which block RNA and
vector or with the vector alone using GenePORTER protein synthesis, respectively, inhibited the accumulation
transfection reagent (Gene Therapy Systems, Inc.). Inof the p53 protein in a dose-dependent manner (Figure 2B).
these experiments, & 1P cells were incubated with the ~ Meanwhile, there was no apparent increase in the p53 mRNA
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levels in response to the 15d-RPGkatment (Figure 2C). It
should also be noted that the 15d-R@dluced accumulation
of the p53 protein was also observed in other neuronal cell
lines, such as neuronal-like pheochromocytoma PC12 cells
and murine neuroblastoma Neuro 2A cells (data not shown).
These data suggest that the 15-R{Bduced accumulation
of p53 may represent a general mechanism underlying
neuronal cell death induced by the cyclopentenone PGs of
the J series.

15d-PGJ-Induced Modulation of Protein Turner. The
observations that the 15d-P&idduced accumulation of the
p53 protein required both RNA and protein synthesis (Figure
2B) and that 15d-PGXcarcely induced gene expression of
p53 (Figure 2C) suggested that 15d-RP@ight affect the
regulatory mechansim of p53 protein turnover. It is generally
accepted that p53 protein turnover is regulated by multiple
mechanisms, including regulation of p53 protein degradation
and covalent modifications of p53, particularly protein
phosphorylation Z0). p53 becomes phosphorylated on
multiple sites in response to various types of stress through
the mitogen-activated protein kinases (MAPKS), such as
extracellular signal-regulated kinase, c-Jun N-terminal kinase,
and p38 21). A suggested potential outcome of such
phosphorylation is the stabilization of p53 through inhibition
of p53 ubiquitination and degradation. We indeed observed
that 15d-PGy significantly induced the phosphorylation
(activation) of all three MAPKs; however, the 15d-RB&J
induced p53 accumulation was not suppressed by their

Biochemistry, Vol. 42, No. 47, 20033963
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Ficure 3: Involvement of the proteasome pathway in the 15d-
PGJ-induced accumulation of p53 and ubiquitinated proteins. (A)
Effect of a specific proteasome inhibitor MG132 on p53 accumula-
tion (top panel) and proteasome activity (bottom panel) in SH-
SY5Y cells. The cells were exposed to 1 ordd MG132: (empty
bars) chymotrypsin-like activity, (hatched bars) trypsin-like activity,
and (filled bars) peptidylglutamyl peptide hydrolase activity. (B)

specific inhibitors (data not shown). These data suggest thatCytotoxicity of MG132. The cells were exposed to A MG132

the MAPK pathways may not be involved in the 15d-RGJ
induced accumulation of p53 in SH-SY5Y cells.

On the other hand, because the rapid demise of p53 is
known to be largely achieved through the proteasome-
dependent protein degradation pathwa)( it was hypoth-
esized that 15d-PGJnight act on this mechanism. Indeed,
the effects of 15d-PGJon SH-SY5Y cells were fully
reproduced by treatment of the cells with a specific protea-
some inhibitor, MG132, demonstrating significant induction
of p53 accumulation and cytotoxicity (Figure 3A,B). Al-
though MG132 is a reversible inhibitor of proteasome, we
observed significant inhibition of proteasome activity by
MG132 (Figure 3A, bottom panel), and the level of protea-

for 24 h. The results that are shown are meartke standard error

of the mean of three independent experiments. (C) Enhanced
accumulation of ubiquitinated proteins in the cells exposed to 15d-
PGJ or MG132. The cells were exposed to AW 15d-PGJ or

10 uM MG132 for 24 h. (D) Effect of 15d-PGJon proteasome
activities in SH-SY5Y cells. The proteasome activities were
measured using the fluoropeptides, s-LLVY-MCA for the chymo-
trypsin-like activity (&), Boc-LSTR-MCA for the trypsin-like
activity (@), and Z-LLESNA for the peptidylglutamyl peptide
hydrolase activity ©), as proteolytic substrates. In the absence of
15d-PGJ, we could not see any changes in the proteasome activities
during the incubation periods. The results that are shown are means
+ the standard error of the mean of three independent experiments.

examined. As shown in panels B and C of Figure 4, 15d-

some inhibition observed in the cells seemed to be correlatedPG} and MG132 significantly inhibited the accumulation

with the extent of accumulation of p53. Moreover, treatment
of cells with 15d-PGgor MG132 resulted in the enhanced
accumulation of ubiquitinated proteins (Figure 3C). It was
also observed that 15d-Pgdartially inhibited the protea-
some activities, such as chymotrypsin-like, trypsin-like, and
peptidylglutamyl peptide hydrolase activities (Figure 3D).

of p53 and ubiquitinated proteins, which was well correlated
with the level of proteasome inhibition, whereas 9,10-
dihydro-15d-PGghad no significant effects on the turnover
of these proteins. Thus, the reduction of the double bond in
the cyclopentenone ring of 15d-PGartually abolished the
effect of 15d-PGy] indicating that these biological activities

These observations suggest that the modulation of protea-of 15d-PGJ can be attributed to its electrophilic center.

some may be involved in the mechanism responsible for the
accumulation of p53 and ubiquitinated proteins in the cells
exposed to 15d-PGJ

The Electrophilic Center of 15d-P@XRepresents the
Active Site for Modulation of Protein Turner. It was
anticipated that thet,5-unsaturated carbonyl group in the
cyclopentenone ring of 15d-P&dight be a prerequisite for
the inhibition of p53 turnover. To prove this hypothesis, SH-
SY5Y cells were exposed to 15d-P&hd its analogue 9,10-
dihyro-15-deoxyA'?4pPGJ (9,10-dihydro-15d-PG) (Fig-
ure 4A), and changes in the protein turnover, monitored by
the accumulation of p53 and ubiquitinated proteins, were

Effect of Trx Q@erexpression on 15d-P&Ihduced Modu-
lation of Protein Turneer. The data thus far suggested that
cellular redox status might play a role in the 15d-RGJ
induced p53 accumulation. On the basis of the previous
findings that Trx, a key molecule in the maintenance of
cellular redox balance, is known to play critical roles in
protecting cells against oxidative stress and in mediating
signal transduction (22), we investigated the role of this redox
regulator in 15d-PGdinduced accumulation of p53 and
ubiquitinated proteins. To this end, we established Trx-
overexpressing derivatives of SH-SY5Y cel&3). For the
experiments described below, results were compared between
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- Ficure 5: Effect of overexpression of Trx on 15d-P&dduced
Ficure 4: Electrophilic center of 15d-PGdvhich is involved in reduction of proteasome activities and accumulation of p53 and
the accumulation of p53 and ubiquitinated proteins. (A) Chemical ubiquitinated proteins. Both control (Neo-2) and Trx-overexpressed
structures of 15d-PGJtop) and 9,10-dihydro-15d-P&(bottom). (Trx-3) cells were incubated with 1M 15d-PGJ. (A) Effect of
The asterisk denotes the electrophilic carbon (position 9). (B) Effect overexpression of Trx on 15d-P&ihduced reduction of protea-
of 15d-PGJ, 9,10-dihydro-15d-PG,J and MG132 on p53 ac-  some activities. The proteasome activities were measured using the
cumulation and proteasome activity in SH-SY5Y cells. The fluoropeptides, s-LLVY-MCA for the chymotrypsin-like activity
proteasome activity was measured using the fluoropeptides, s-(empty bars), Boc-LSTR-MCA for the trypsin-like activity (hatched
LLVY-MCA, for the chymotrypsin-like activity as the proteolytic ~ bars), and Z-LLESNA for the peptidylglutamyl peptide hydrolase
substrate. (C) Effect of 15d-P&J9,10-dihydro-15d-PGJ and activity (filled bars), as proteolytic substrates. The results that are
MG132 on accumulation of ubiquitinated proteins in SH-SY5Y shown are means the standard error of the mean of three inde-
cells. In panels B and C, the cells were exposed to 15d-PIRJ pendent experiments. (B) Effect of overexpression of Trx on 15d-

uM), 9,10-dihydro-15d-PGJ(10 M), or MG132 (1 or 10uM) PGJ-induced accumulation of p53. (C) Effect of overexpression
for 8 h. of Trx on 15d-PGginduced accumulation of ubiquitifprotein
conjugates.

empty-vector transfected control cells (Neo-2) and Trx-

transfected cells (Trx-3), to assess the effectiveness ofthat the p53 protein accumulation in the Trx-overexpressed
expressed Trx in protecting against 15d-R®duced modu- cells (Trx-3 cells) exposed to 15d-PGwas inhibited to
lation of protein turnover. As shown in Figure 5A, the ~50% of the vector control. Moreover, we also observed
chymotrypsin-like, trypsin-like, and peptidylglutamyl peptide that the 15d-PGdinduced accumulation of ubiquitinated
hydrolase activities of proteasome in the Neo-2 cells exposedproteins was significantly suppressed by the Trx over-
to 10 uM 15d-PGJ decreased to 26, 28, and 18% of the expression (Figure 5C). These data suggest that the 15d-
control values of untreated cells, respectively, after incubation PGJ-induced modulation of protein turnover is closely
for 24 h, whereas the inhibition of proteasome activities was associated with the cellular redox status.

significantly abrogated by the overexpression of Trx. In  Covalent Binding of 15d-PGJto Cellular Proteasome.
addition, the protection against 15d-RB@iduced reduction ~ Because the protein levels of the proteasome subunit (19S
of proteasome activities was associated with the retardationsubunit S1 and 20B-subunit) were nearly unchanged by
of the accumulation of detrimental proteins, such as p53 andtreatment of SH-SY5Y cells with 15d-Pg@ata not shown),
ubiquitinated proteins. As shown in Figure 5B, while there it was presumed that the partial loss of proteasome activity
were no significant changes in the p53 mMRNA levels in both (Figure 3D) might be ascribed to the direct interaction of
Neo-2 and Trx-3, it was observed that the level of p53 protein 15d-PGJ with proteasome. To assess if the inhibition of
in the Neo-2 cells exposed to 15d-RG10 uM) for 8 h proteasome activity elicited by 15d-PGd SH-SY5Y cells
was ~5-fold greater than that of vehicle-treated cells and could be due to the covalent modification of proteasome,
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Ficure 6: Moadification of proteasome by a biotinylated 15d-RGJ
derivative in SH-SY5Y cells. (A) Chemical structure of biotinylated
15d-PGJ. (B) Effect of 15d-PGgdand its biotinylated derivative
on p53 accumulation in SH-SY5Y cells. (C) Effect of 15d-RGJ
and its biotinylated derivative on accumulation of ubiquitinated
proteins in SH-SY5Y cells. In panels B and C, the cells were
exposed to 1M 15d-PGJ or 10 uM biotinylated 15d-PGyJfor

8 h. (D) Biotinylated 15d-PGJlabeling of cellular proteins in
SH-SY5Y cells. SH-SY5Y cells were treated with biotinylated
15d-PGJd for 2 h. Biotinylated 15d-PGJbound to cellular pro-

teins was detected by immunoblot experiments using HRP-bound

NeutrAvidin. (E) Biotinylated 15d-PGJabeling of proteasome in
SH-SY5Y cells. SH-SY5Y cells were treated with 1 bio-
tinylated 15d-PGyJfor 2 h, and cell lysates were incubated by batch
with NeutrAvidin beads. After the mixture had been extensively

washed, proteins bound to the resin through biotinylated PG were
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Ficure 7: Binding of 15d-PGyto purified 26S proteasome. (A)
Binding of 15d-PGgto proteasomen witro. Proteins coated on
the immunoplate were incubated with biotinylated 15d-p@dd
immunoreactivity of the biotinylated 15d-P&abund to the proteins
with peroxidase-conjugated NeutrAvidin was examined with an
ELISA: (®) proteasome and)) BSA. The results that are shown
are meanst the standard error of the mean of three independent
experiments. (B) Effect of 15d-P@&n proteasome activities in
purified 26S proteasonia vitro. The purified 26S proteasome (0.2
mg/mL) was incubated with 15d-P&D—1 mM) for 1 h at 37°C,

and the proteasome activities were measured: (empty bars)
chymotrypsin-like activity, (hatched bars) trypsin-like activity, and
(filled bars) peptidylglutamyl peptide hydrolase activity. The results
that are shown are meatisthe standard error of the mean of three
independent experiments.

plate was incubated with the biotinylated 15d-R@&hd 15d-
PGJ conjugates generated in the coating protein were then
detected with an ELISA using the peroxidase-conjugated
NeutrAvidin. As shown in Figure 7A, the incubation of
proteasome with biotinylated 15d-PGléd to the dose-
dependent formation of 15d-P&<protein conjugates, whereas

eluted by boiling in Laemmli sample buffer, and proteasome present BSA used as a control scarcely reacted with 15d-PGidect
in the eluate was detected by immunoblot analysis using an anti- interaction of proteasome with 15d-PGuaas also demon-

proteasomegs-subunit antibody.

we prepared a biotinylated 15d-PGhalogue (Figure 6A)

and studied its interaction with proteasome in intact cells.

As shown in panels B and C of Figure 6, the biotinylated
15d-PGJ derivative retained the activities of native 15d-

strated by Western blot analysis (data not shown). Moreover,
exposure of the purified 26S proteasome to 15d-P&kslilted

in a dose-dependent reduction of proteasome activities: the
chymotrypsin-like, trypsin-like, and peptidylglutamyl peptide
hydrolase activities of proteasome decreased to 25, 84, and

PGJ. In addition, it appeared that numerous proteins were 50% of the control values of untreated proteasome, respec-

modified by the biotinylated PG derivative (Figure 6D). To
demonstrate the modification of proteasome by 15d.R@J

intact cells, SH-SY5Y cells were treated with biotinylated
15d-PGJ, and cell lysates were incubated by batch with

tively, after treatment for 8 h (Figure 7B). Thus, it appears
that proteasome possesses a high affinity for 15d-Plhése
observations suggest that proteasome may be a potential
target of 15d-PGJand that the 15d-PGinduced accumula-

NeutrAvidin beads. After being extensively washed, proteins tion of p53 and apoptosis are, at least in part, mediated by
bound to the resin through biotinylated PG were eluted by direct interaction of proteasome with 15d-RBGJ

being boiled in Laemmli sample buffer, and a 20S protea-
some S-subunit present in the eluate was detected by

immunoblot analysis (Figure 6E). The result clearly dem-
onstrated that 15d-P&dovalently bound to proteasome in
the cells.

Covalent Binding of 15d-PGJto Purified 26S Protea-

DISCUSSION

It has been shown that 15d-Pdtently induces apoptosis
of SH-SY5Y human neuroblastoma cells accumulation
of p53 (11). Herein, we investigated the molecular mecha-
nism involved in the p53-mediated neuronal cell death

some.To further assess the covalent binding of proteasome induced by 15d-PGJand found that the accumulation of
to 15d-PG4 the protein (proteasome) coated on an immuno- p53 could be attributed to the disruption of the proteasome-
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dependent regulatory mechanism of protein turnover. More- PGJ might be involved in the pathogenesis of inflammation-
over, we provided evidence that the PG inhibited the related disorders, including neurodegenerative diseases.
proteasome pathwayia a mechanism in which 15d-P&J  Indeed, the involvement of PGs in neurodegenerative dis-
directly interacted with proteasome. These findings suggestorders has been suggested by clinical and epidemiological
that, under inflammatory conditions, the enhanced production studies. For example, nonsteroidal anti-inflammatory drugs,
of PGs and their metabolites, including 15d-R®day cause  which inhibit PG synthesis, reduce the rate of deterioration
disruption of the proteasome pathway function, which could of the cognitive behavior in Alzheimer’s disease patie86; (
further result in the buildup of pro-apoptotic and detrimental 31). In addition, rheumatoid arthritis patients who are on high
proteins, such as p53 and ubiquitinated proteins. This may,doses of anti-inflammatory drugs have a reduced incidence
at least in part, be the mechanism underlying the 15d-PGJ of this disease 32, 33). Recent observations have also
induced apoptosis of SH-SY5Y cells. suggested a role for inflammatory-related events in the
PGs are physiologically present in body fluids in picomolar progression and propagation of the neurodegenerative process
to nanomolar concentration®4); however, the rate of in ALS. (i) COX-2 is upregulated in the anterior horn of the
arachidonate metabolism is highly increased under severalspinal cord samples from ALS patient34J; (i) inhibition
pathological conditions, including hyperthermia, infection, of COX-2 protects motor neurons in an organotypic model
and inflammation 25), and local PG concentrations in the of ALS (35).
micromolar range have been detected at the sites of acute In our previous study, as part of an effort to identify the
inflammation @6). Upregulation of PG biosynthesis is endogenous inducer of intracellular oxidative stress and to
suggested to be involved in the pathophysiological processeslucidate the molecular mechanism underlying the oxidative
relevant to inflammatory responses. On the basis of the stress-mediated cell degeneration, we examined the oxidized
findings that (i) PG, a precursor of cyclopentenone PGs, fatty acid metabolites for their ability to induce intracellular
was one of the most abundantly produced PGs in severalROS production in SH-SY5Y cells vitro and found that
tissues and (ii) PGPcould be converted readily to thg J  the J series of PGs represent the most potent indu@8)s (
series of PGs in the presence of plagmaitro (27), it was This and the observations that intracellular ROS production
anticipated that the levels of PGDerivatives might reach ~ was accompanied by the alteration of the cellular redox status
functionally significant levels in inflammation and its related and the production of lipid peroxidation-derived highly
disorders. Indeed, despite the rapid metabolism and potentialcytotoxic aldehydes, such as acrolein and 4-hydroxy-2-
for sequestration of these compounds by binding proteins, nonenal, which could also induce intracellular ROS produc-
several previous studies have successfully determined thetion, suggest that intracellular oxidative stress constitutes a
in vivo levels of the g series of PGs. (i) Hiratat al. (28) pivotal step in the pathway of cellular dysfunction induced
have detected significant quantitiesi50 ng/24 hin human by the PGs. We have also shown that 15d-Pi@duces
males) ofA>-PGJ} in human and monkey urine and larger apoptosis of SH-SY5Y human neuroblastoma celia
amounts of other, uncharacteriza¢?-PGJ3 immunoreactive accumulation of p531(1). It is generally accepted that the
compounds in human urine. (ii) Gilrogt al. (29) have accumulation of active p53 in response to stress occurs
observed an elevated level of cyclopentenone PG synthesignainly through post-translational mechanisi2g)( Pivotal
in the late phases of inflammation. On the other hand, Shibatais the increase in the protein half-life of p53. p53 is usually
et al (4) have recently established an immunochemical a very labile protein, turning over with a half-life sometimes
approach for the detection of 15d-PGThe authors have  as short as a few minutes. In response to DNA damage and
raised a murine monoclonal antibody 11G2, which clearly other types of stress, p53 is markedly stabilized. It has been
distinguished 15d-PGJdrom other PGs. Characterization of suggested that a rapid increase in the p53 concentration
the antibody revealed that the monoclonal antibody was without a need forde nao transcription is particularly
directed almost exclusively against free 15d-RGDhe advantageous in cells with severely damaged genomes.
development of specific antibodies against 15d-Pkak Meanwhile, an elevation in the level of the p53 protein can
made it possible for us to obtain evidence that points to the also be achieved by improved translation of the p53 mRNA,
occurrence of this P@ vitro andin vivo being highly likely. involving relief of a translational repression mechanism
We indeed demonstrated that the extracellular concentrationsoperating through the'intranslated region of this mRNA
of 15d-PGd in RAW264.7 macrophages exposed to lipo- (19). In the study presented here, we found that 15d-PGJ
polysaccharid@ vitro could reach the low micromolar range affected the regulatory mechansim of p53 protein turnover.
(4). This and the observations that (i) 15d-B@®Jvivo was To test whether the electrophilic center of 15d-P@J
mainly detected in the cytoplasm of most of the foamy involved in the modulation of protein turnover, we examined
macrophages in human atherosclerotic plagdgsud (ii) the effect of 9,10-dihydro-15d-PgJan analogue of 15d-
an enhanced intracellular accumulation of 15d-P®as PGJ, on the accumulation of p53 and ubiquitinated proteins
observed in the lipopolysaccharide-stimulated RAW264.7 and found that the reduction of the double bond in the
macrophages4) suggest that, under defined pathological cyclopentenone ring of 15d-P&J¥irtually abolished the
processes, steady-state concentrations of 15d-P@y be effects of 15d-PGJon protein turnover (Figure 4). Thus,
far above what is generally believed. Koneloal. (11) have the action of 15d-PGappeared to operatéa mechanisms
demonstrated for the first time that 15d-BG&cumulates  that depend on the reactivity of its electrophilic,3-
in the spinal cord of sporadic amyotrophic lateral sclerosis unsaturated ketones. This observation, in turn, suggested that
(ALS) patients, mainly occurring in the motor neurons of cellular redox molecules might play crucial roles in the
the anterior horn. This finding suggested that COX-2 regulation of the biological functions of cyclopentenone PGs.
upregulation, through its pivotal role in inflammation, We therefore investigated the role of Trx, a key molecule in
followed by the enhanced intracellular production of 15d- the maintenance of the cellular redox balance, in the 15d-
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PGJ-induced accumulation of p53 and ubiquitinated pro- modified numerous proteins in the cells (Figure 6D) suggest
teins. Consistent with the observation that Trx prevented that the modification of proteasome by 15d-R@&iay be
oxidative stress-induced cell deaBv{-39), overexpression the one event which contributes to proteasome inhibition and
of Trx conferred protection on SH-SY5Y cells against loss p53 accumulation.
of proteasome activities and accumulation of pS3 and Several previous observations have indicated that 15d-PGJ
ubiquitinated proteins induced by 15d-B&Bigure 5). might exert effects through interactions with intracellular

Proteasome is responsible for the majority of cellular proteins. It has been shown that 15d-RP@bhibits NF+«B
proteolysis in eukaryotic cells and may contribute to control- by directly blunting kB kinase and therefore blocks NF-
ling the intracellular levels of a variety of short-lived proteins «B-dependent antiapoptotic gene expressi®i-62). 15d-
(40—42). Substrates of proteasome include a number of cell PG} can also bind to and activate H-R&3), which may
regulatory molecules, such as cyclins, the Myc oncogeneresult in the activation of downstream signaling pathways
protein, and p53; the regulated degradation of these mol-associated with apoptosis. Moreover, we have recently
ecules has been linked to the control of cell proliferation identified thioredoxin 1, a regulatory molecule of apoptosis
and cell cycle progressiod@—42). In the study presented signaling kinase 1, as a target for covalent modification by
here, we demonstrated that the increased intracellular levell5d-PGJ (23). Given these reactivities of cyclopentenone
of p53 was associated with the partial reduction of protea- PGs toward redox active proteins, it is not unlikely that the
some activities (Figure 3D). Moreover, the proteasome cyclopentenone PG may adduct a number of cellular proteins
inhibitor (MG132) similarly induced p53 accumulation and and thus act on multiple pathways regulating apoptosis
cell death in SH-SY5Y cells (Figure 3). These and the independently of a proteasomp53 pathway. We are
observations that (i) treatment of the cells with biotinylated currently investigating the further upstream cell signaling
15d-PGdgenerated the 15d-P&Jorotein conjugates (Figure  induced by 15d-PGJwhich may provide new clues to the
6) and (ii) the exposure of the purified 26S proteasome to proapoptotic potential of the cyclopentenone PG.
biotinylated 15d-PGJesulted in dose-dependent formation  \We demonstrated here that one of the key targets in 15d-
of 15d-PGgd—protein conjugates (Figure 7) suggested that PGJ}-induced activation of the p53-dependent apoptotic
the partial inactivation of proteasome activities might be pathway is proteasome. The p53 accumulation induced by
ascribed to reversible or irreversible modification of protea- this PG metabolite occurs through covalent modification
some with 15d-PGJin the same way as the known of the constituent proteins. Because proteasome regulates the
proteasome inhibitors, such as lactacystig) (eponemycin majority of cellular proteolysis, the impairment of proteasome
(44), nitric oxide @5), and 4-hydroxy-2-nonenak6, 47), activity by 15d-PGgmay have dramatic effects on cellular
all of which irreversibly modify the 20S catalytic subunit of homeostasis. A similar role was recently proposed for
the 26S proteasome. On the other hand, there are alsa-hydroxy-2-nonenal, a major lipid peroxidation product
alternative explanations for the prostaglandin effects that generated during oxidative stres46( 47). 4-Hydroxy-2-
must be considered in the future study. For example, (i) 15d- nonenal is structurally related to 15d-RGbecause it
PGJ may cause dissociation of a proteasome activator, suchcontains an,$-unsaturated aldehyde capable of reacting as
as 19S cap or PA28 regulator. (ii) 15d-BGday induce  a bifunctional electrophile. In this way, it may serve as an
phosphorylation or other events caused by lasting changesendogenous factor that is involved in neuronal cell degenera-
in the proteasome structure with inhibitory effects. (iii) As tion associated with oxidative stress. Thus, identifying the
reported by Mullallyet al. (48), 15d-PGd may inhibit the role of proteasome inhibition in the neurodegenerative
proteasome pathway via inhibition of the cellular ubiquitin process is necessary for understanding how neuron death
isopeptidase activity. occurs in age-related neurodegenerative disorders.
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