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In susceptible strains of mice, infection with the mutant retrovirus MoMuLV-ts1
causes a neurodegeneration and immunodeficiency syndrome that resembles
human immunodeficiency virus-acquired immunodeficiency syndrome (HIV-
AIDS). In this study the authors show increased expression of cyclooxygenase-
2 (COX-2) in the brainstem tissues of ts1-infected mice. Up-regulated central
nervous system (CNS) levels of this enzyme are associated with HIV-associated
dementia and other inflammatory and neurodegenerative diseases such as
amyotrophic lateral sclerosis, Alzheimer’s disease, and Parkinson’s disease.
In brainstem sections, the authors find that astrocytes surrounding spongiform
lesions contain increased amounts of immunoreactive COX-2. COX-2 is also up-
regulated in cultured ts1-infected cells from the C1 astrocytic cell line, which
also show activation of c-Jun N-terminal kinase (JNK) pathway. Markers of
endoplasmic reticulum (ER) stress, specifically the CCAAT/enhancer-binding
protein-homology protein (CHOP), the glucose-related protein 78 (GRP78), and
phosphorylated eukaryotic initiation factor 2« (eIF2a), were also up-regulated
in ts1-infected C1 astrocytes. Up-regulation of COX-2 and the above ER signal-
ing factors was reversed by treatment of the infected cells with curcumin which
specifically inhibits the JNK/c-Jun pathway. These findings indicate that the
JNK/c-Jun pathway is most likely responsible for COX-2 expression induced by
ts1 in astrocytes, and that ts1 infection in astrocytes may lead to up-regulation
of both inflammatory and ER stress pathways in the central nervous system.
Because COX-2 inhibitors are now widely used to treat inflammatory condi-
tions in animals and humans, this finding suggests that these drugs may be
useful for therapeutic intervention in neurodegenerative syndromes as well.
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Introduction

Moloney murine leukemia virus-TB (MoMulV) is a
type C retrovirus that induces T-cell lymphomas in
susceptible strains of mice at ~6 to 8 months of age
after infection at birth (Yuen and Szurek, 1989). A
single-point mutation in the envelope gene of its
temperature-sensitive mutant ts1 confers upon the
virus the ability to deplete T cells and motor neurons



in susceptible strains of mice by 6 weeks of age af-
ter infection at birth (Wong et al, 1989, 1991; Szurek
et al, 1990). Infection of the central nervous system
(CNS) with ts1 causes a progressive neurodegenera-
tive disease whose characteristic pathology includes
spongiform degeneration and neuronal loss (Stoica
et al, 1993, 2000). This neuronal loss is the most
intriguing result of ts1 infection, because neurons
themselves are not infected, but endothelial cells, mi-
croglia, oligodendrocytes, and astrocytes are. Thus,
the neuronal loss in the infected mouse is most likely
due to an inflammatory response by the infected glia
and its secondary effects.

In diseases such as multiple sclerosis, amyotrophic
lateral sclerosis (Almer et al, 2002; Mingetti, 2004),
Alzheimer’s disease (Pasinetti and Aisen 1998),
Parkinson’s disease (Teismann et al, 2003), and hu-
man immunodeficiency virus (HIV)-associated de-
mentia (Kusdra et al, 2002), brain tissues contain high
levels of cyclooxygenase (COX)-2, a potent activa-
tor of inflammation, and of its biosynthetic product
prostaglandin (PG)E,. In all of these diseases, astro-
cytes and microglia are the major sources of COX-2
and PGE, (Mingetti et al, 1999; Molina-Holgado et al,
2000). Virus infections in general tend to stimulate
COX-2 expression (Murono et al, 2001; Janelle et al,
2002; Seymour et al, 2002), and inhibitors of COX-2
activity attenuate virus replication (Chen et al, 2000;
Zhu et al, 2002), suggesting that COX-2 activation and
the cellular events that follow are important determi-
nants governing viral replication and the spread of
infection and cellular damage in the CNS.

At this time, several COX-2 inhibitors are available
over the counter for treatment of inflammatory con-
ditions outside the CNS. No prior studies have in-
vestigated inhibitors of COX-2 expression as poten-
tial therapies following virus infection of glial cells
in the brain. To make this connection, the relevant
COX-2 regulatory pathway must be identified in at
least one of the relevant cell types (i.e., astrocytes),
because transcriptional regulation of COX-2 expres-
sion occurs by multiple signal transduction path-
ways, and differs by cell type (Subbaramaiah et al,
1996; Newton et al, 1997; Tai et al, 1997; Reddy
et al, 2000; Slice et al, 2000; Wadleigh et al, 2000).
The three signal transduction pathways known to
up-regulate COX-2 all involve members of the
mitogen-activated protein kinase (MAPK) superfam-
ily, and include (a) extracellur regular kinase (ERK)
(Subbaramaiah et al, 1998; LaPointe and Isenovic,
1999), (b) c-Jun N-terminal kinase (JNK) (Xie and
Herschman, 1996; Guan et al, 1998; Subbaramaiah
et al, 1998), and (c) p38 (LaPointe and Isenovic, 1999;
Laporte et al, 2000).

In cultured tsil-infected primary astrocytes and
cells of the ts1-infected C1 astrocytic cell line, viral
envelope precursor proteins accumulate in the endo-
plasmic reticulum (ER) (Shikova et al, 1993; Lin et al,
1997) and trigger an ER stress response, resulting in
increased reactive oxygen species (ROS) production
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(Liu et al, 2004; Qiang et al, 2004) with activation of
nuclear factor (NF)xB which stimulates the expres-
sion of inducible nitric oxide synthases (iNOS) (Kim
et al, 2001) and the production of proinflammatory
cytokines (Choe ef al, 1998). In general, ER stress in-
volves two signal transduction pathways, which are
the ER overload response, or EOR, and the unfolded
protein response, or UPR (Kozutsumi et al, 1988;
Pahl and Baeuerle, 1996). In the UPR, the ER trans-
membrane kinases IRE1 (inositol-requiring enzyme-
1) and PERK (double-stranded RNA-dependent pro-
tein kinase [PKR]-like ER kinase) are activated. ROS
overproduction in tsl-infected astrocytes addition-
ally activates a cellular antioxidant response via the
transcription factor Nrf-2, to activate the biosyn-
thetic machinery for production and maintenance
of protective intracellular thiols (Qiang et al, 2004).
In this study, we show that ts1 infection induces
COX-2 expression in the brainstems of infected mice
and in cultured cells of the C1 astrocytic cell line.
In these cells, ts1 infection specifically activates
the JNK/c-Jun signaling pathway, together with ER
stress signaling. Both of these intracellular cascades
can be blocked by treatment with the JNK inhibitor
curcumin. Together these results suggest that tsi-
induced oxidative stress and inflammatory responses
in astrocytes may be responsible for neuronal loss
and neurodegeneration in the ts1-infected brain. The
data also suggest that COX-2 inhibitors and nontoxic
nutrient antioxidants (e.g., curcumin) may be effec-
tive treatments for this and other neurodegenerative
diseases.

Results

Increased expression of COX-2 mRNA and protein
in the brainstems of ts1-infected mice

To identify cell types in which COX-2 up-regulation
occurs in the tsl-infected brainstem, we performed
immunohistochemistry for COX-2 on sections from
CNS tissues of control uninfected versus ts1-infected
mice. Figure 1a shows that astrocytes in sections from
an uninfected brainstem showed no binding by the
anti-COX-2 antibody, whereas Figure 1b shows that
cells in ts1-infected brainstems displayed moderate-
to-strong cytoplasmic immunostaining in cells hav-
ing clear astrocytic morphology.

To determine whether ts1 infection induces COX-2
gene expression in the CNS of infected mice, semi-
quantitative reverse transcriptase—polymerase chain
reaction (RT-PCR) was used to measure the expres-
sion of COX-2 mRNAs in brainstems of control and
ts1-infected animals at 25 days post infection (dpi).
Figure 1c and Figure 1d show that COX-2 mRNA lev-
els were four times higher in brainstem tissues of ts1-
infected mice than in brainstem tissues from unin-
fected control mice. Figure 1e and Figure 1f show that
amounts of COX-2 protein in brainstem homogenates
of ts1-infected mice were also significantly higher in
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Figure 1 Expression of COX-2 protein in the brainstems of control versus ts1-infected mice, and in ts1-infected astrocytic cells. (a)
COX-2 immunoreactivity (brown) in the cytoplasm of brainstem astrocytes from a control mouse. Astrocytes were identified by their
characteristic stellate morphology and long processes. Note the absent or weak cytoplasmic staining for COX-2 in astrocytes (arrows)
and neurons (arrowheads). (b) COX-2 immunoreactivity in the cytoplasm of astrocytes in ts1-infected brainstem tissue. Strong COX-2
staining is present in astrocytes (arrows) but absent in neurons (arrowheads). (c¢) Semiquantitative RT-PCR analysis of COX-2 mRNA in
total RNAs from brainstems of control and ts1-infected mice at 25 dpi. (d) Comparison of COX-2 mRNA levels in brainstems of ts1-infected
versus control mice. (e) Western blot showing levels of COX-2 protein in brainstems of ts1-infected mice versus controls at 25 dpi. MW =
molecular weight in kilodaltons (kDa). (f) Densitometric analysis of COX-2 protein bands in brainstems of control versus ts1-infected
mice. The results shown in the histograms are the mean + standard deviation (SD) for tissues from three control and three ts1-infected
mice. *Significantly different from mock-infected controls (P < .01). (g) Western blot showing COX-2 protein levels in control and ts1-
infected C1 cells at 24, 48, and 72 h post infection (pi) (top). (h) Densitometric quantitation of COX-2 protein in mock-infected versus
ts1-infected C1 cells at 24, 48, and 72 h pi. The results for each time point are the mean + SD from three independent experiments. Con
= mock-infected cells; ts1 = ts1-infected cells. *Significantly different from mock-infected controls (P < .01).



ts1-infected brainstem tissues, relative to control tis-
sues, at 25 dpi (P < .01).

Increased expression of COX-2 in cultured
astrocytes infected with ts1

Cells of the immortalized astrocyte cell line C1 re-
semble primary astrocytes in their stellate morphol-
ogy and in their expression of the astrocyte-specific
marker glial fibrillar acidic protein (GFAP) (Lin et al,
1997). It has also been reported that C1 astrocytes and
primary astrocytes share common characteristics in
their response to ts1 infection, and that findings from
these immortalized astrocytes are applicable to pri-
mary cultures (Liu ef al, 2004; Qiang et al, 2004). As
C1 cells are more readily available for experimenta-
tion, we asked whether the increased COX-2 expres-
sion seen in tsl-infected mice is also increased in
C1 cells infected with by ts1. Figure 1g and Figure
1h show that amounts of COX-2 protein were signif-
icantly elevated in tsl-infected C1 cells, relative to
mock-infected cells, at 24, 48, and 72 h post infection
(P < .01). In addition, COX-2 protein was elevated
in ts1-infected primary cultured astrocytes (data not
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shown). The signal transduction pathways involved
in the induction of COX-2 expression in these cells
by ts1 infection were then evaluated.

The JNK/c-Jun signal transduction pathway governs
COX-2 up-regulation in ts1-infected C1 cells

COX-2 gene expression requires the activation of at
least one of three known MAPK pathways (Guan
et al, 1998; Newton et al, 2000; Wadleigh et al, 2000;
Kyriakis and Avruch, 2001). To determine which of
these participates in COX-2 up-regulation after ts1
infection of astrocytic cells, we used Western blot-
ting to compare amounts of these three MAPKs in
ts1-infected versus control C1 cells over time after
infection (at 24, 48, and 72 h pi). Figure 2a, 2b, and
2¢ show that both phosphorylated JNK proteins and
phosphorylated ERK1/2 proteins increased in a time-
dependent manner in the infected cells, whereas p38
phosphorylation was not significantly until 72 h pi
(Figure 2a and 2d). These results show that both the
JNK and ERK1/2 MAPK are phosphorylated in as-
sociation with increased COX-2 expression in tsl-
infected C1 cells.
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Figure 2 Specific phosphorylation of the JNKs/c-Jun MAPK enzyme in tsl-infected C1 cells. C1 astrocytes were either mock-infected
or infected with ts1, followed by culturing and preparation of whole cell lysates at 24, 48, and 72 h pi. (a) Western blot showing levels
of three different phosphorylated MAPKs in control and ts1-infected C1 astrocytes at 24, 48, and 72 h pi. (b, ¢, and d) Phosphorylated
JNKs, phosphorylated ERKs (p-ERK1/2), and phosphorylated p38 (p-p38) in mock-infected versus tsl-infected C1 astrocytes. Con =
mock-infected cells; ts1 = ts1-infected cells. The results are the mean + SD from three independent experiments, each run in duplicate.

*Significantly different from mock-infected controls (P < .01).



COX-2 expression in tsl-infected astrocytic cells

170 H-T Kim et al

(a)

24 hr 48 hr 72 hr

tm':} Con ¢s1 Con {51 Con ts1

-
g Phospho-
-~ -

o ey 529 s ) 6 =[5
. - Phospho-
c~Jun
51 | w
42.5— Sn e o -“ - Total

c-~Jun

1T = e —

426=

—
)
S

e SR R, G SR wSHE —~a- [-actin
0- [] control
0- B s "

00| *
50
00
500+
wo- J
500 + *

o L—1ill

24 48 72

Time post-infection (hr)

Relative abundance of
p-c~Jun to controls (%)

(b)

_— - *

5§ 3500 [] control
8% 3000 .
S
s § 25001 - ts
3 8 20001 *
;2 1500
ﬁé 10004 .
g 2 500 -

ol

24 48 72

Time post-infection (hr)

500 [] control i
4004 I s .
300-
2004
1004 l—-'—-
0
72

24 48

(d)

Relative abundance of
Total c-Jun to controls (%)

Time post-infection (hr)

Figure 3 Effect of ts1 infection on levels of phosphorylated SEK1, phosphorylated c-Jun, total SEK1, and total c-Jun proteins. C1
astrocytes were mock-infected or infected with ts1, and whole-cell lysates prepared at 24, 48, and 72 h pi. (a) Western blot showing levels
of phosphorylated SEK1, total SEK1, phosphorylated c-Jun, and total c-Jun proteins in control and fs1-infected C1 astrocytes. (b,c, and
d) Phosphorylated SEK1 (p-SEK1), phosphorylated c-Jun (p-c-Jun), and total c-Jun in mock-infected versus ts1-infected C1 astrocytes.
The results are the mean + SD from three independent experiments, each run in duplicate. Con = mock-infected cells; ts1 = ts1-infected

cells. *Significantly different from mock-infected controls (P < .01).

To confirm the involvement of the J]NK/c-Jun path-
way in COX-2 expression in tsl-infected C1 cells,
we measured levels of upstream and downstream
intermediates in this pathway in control and ts1-
infected cells over time. To determine whether JNK
phosphorylation is mediated through its upstream
activator stress-activated protein kinase/ERK kinase
(SEK1), and to ascertain whether phosphorylated JNK
phosphorylates its downstream substrate c-Jun, we
measured levels of phosphorylated SEK1 and c-Jun
proteins in ts1-infected and mock-infected C1 cells,
again at 24, 48, and 72 hr pi. Figure 3 shows that lev-
els of phosphorylated SEK1, phosphorylated c-Jun,
and total c-Jun were increased over time after infec-
tion of C1 cells with ts1. The patterns of expression
of these substrates, together with the timecourse of
phosphorylated JNK increase shown in Figure 2a and
2b, suggest that activation of the JNK/c-Jun pathway
increases COX-2 expression after ts1 infection in C1
astrocytes.

JNK pathway inhibitors prevent COX-2
up-regulation in ts1-infected C1 cells

To further confirm that JNK is required for COX-2 up-
regulation after ts1 infection of astrocytic cells, and

to explore the possibility that ERK1/2 is also required
(as suggested by data in Figure 2a and 2c), C1 cells
were treated with curcumin and SP600125, both of
which are JNK pathway inhibitors (Hanazawa et al,
1993; Mohan et al, 2000; Seol et al, 2000; Bennett
etal,2001). Figure 4 shows that both agents decreased
levels of COX-2, phosphorylated JNKs, and phospho-
rylated c-Jun in a dose-dependent manner. Notably,
however, neither agent decreased levels of phospho-
rylated ERK1/2 or p38 proteins in fsl-infected C1
cells (data not shown). These results argue against
the idea that the ERK1/2-MAPK pathway is a primary
participant in the signal transduction events leading
to up-regulation of COX-2 expression in ts1-infected
C1 cells. However, we performed one more experi-
ment to confirm that ERK1/2 are secondary to JNKs
in the cellular events associated with COX-2 eleva-
tion in these cells.

PD98059 (used at 10 uM) is a selective inhibitor
of mitogen-activated protein kinase (MEK), an up-
stream regulator of ERKs (Alessi et al, 1995). When
PD98059 was added to ts1-infected C1 cultures, the
levels of phosphorylated ERK1/2 were significantly
decreased (Figure 5a and 5b; P < .01), although in-
creases in COX-2 levels still occurred (Figure 5a and
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Figure 4 Effects of the JNK inhibitors curcumin or SP600125 on levels of COX-2 in ts1-infected astrocytes. C1 astrocytes were either
mock-infected or infected with ts1, and whole cell lysates were prepared at 48 h pi after incubation for 16 h with varying concentrations
of curcumin (10, 20, and 40 xM) and SP600125 (10, 20, and 40 uM). (a) Western blot showing COX-2, phosphorylated JNKs, total JNKs,
phosphorylated c-Jun, and total c-Jun proteins in control versus ts1-infected C1 cells either left untreated or treated with curcumin.
(b) Western blot showing COX-2, phosphorylated JNKs, phosphorylated c-Jun, and total c-Jun proteins in ts1-infected C1 cells treated
with SP600125. (c and d) Densitometric quantitation of protein bands in (a) and (b). Data in (c) and (d) are presented as percentage
increases in amounts of proteins in treated versus untreated ts1-infected cells relative to levels for mock-infected control cells treated
with DMSO. Results are expressed as the mean + SD from three independent experiments, each run in duplicate.

5b). Together, these results are consistent with our
other data indicating that the JNK pathway, not the
ERK1/2 pathway, specifically regulates COX-2 ex-
pression in fs1-infected astrocytes.

Proteasome inhibitors increase COX-2 via JNK and
p38 MAPK-dependent pathways, but not
ERK1/2-dependent pathways

Given the involvement of JNKs in fs1-mediated ac-
tivation of COX-2, and given the ability of protea-
some inhibitors to activate JNK pathways (Kaufman,
1999; Nishitoh et al, 2002), we tested whether protea-
some inhibitors would amplify ts1-mediated JNK ac-
tivation and COX-2 expression. Figure 6a shows that
treatment of C1 cells with the proteasome inhibitor

MG-132 resulted in further increases in amounts
of COX-2 in tsl-infected cells, relative to the ef-
fects of infection alone, whereas calpeptin, a se-
lective inhibitor of the calpain proteolytic path-
way (which is independent of proteasome activation;
Jiang et al, 1996), did not increase production of COX-
2. Figure 6a also shows that MG-132 treatment ele-
vated amounts of phospho-JNKs, phospho-SEK1, and
phospho-c-Jun in ts1-infected C1 cells.

We also tested two other proteasome inhibitors
(ALLN and lactacystin), both known to elevate lev-
els of phosphorylated JNK, phosphorylated p38
MAPK, and COX-2, and found that they also in-
crease amounts of phospho-JNKs, together with COX-
2, in ts1-infected C1 cells (Figure 6b). Notably, these
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Figure 5 Effects of curcumin and PD98059 on levels of COX-2,
phosphorylated JNKs, phosphorylated ERKs, and phosphorylated
SEK1 in tsl-infected astrocytes. C1 astrocytes were either mock-
infected or infected (DMSO alone) with ts1, and whole-cell lysates
were prepared at 48 h pi after incubation for 16 h with curcumin
(20 M) or PD98059 (10 uM). (a) Western blot showing COX-
2, phosphorylated JNKs, phosphorylated ERK1/2, phosphorylated
SEK1, and phosphorylated c-Jun proteins in uninfected versus ts1-
infected C1 cells either left untreated or treated either with cur-
cumin or with PD98059. (b) Densitometric comparison of COX-2,
phosphorylated JNKs, phosphorylated ERK1/2, and phosphory-
lated SEK1 protein bands from (a). The results are the mean +
SD from three independent experiments, each run in duplicate.
a = significantly different from mock-infected controls (P < .01).
b = significantly different from ts1-infected untreated (DMSO-
treated) control cells (P < .01).

two inhibitors decreased levels of phosphorylated
ERK1/2 proteins and their downstream target p90 ri-
bosomal S6 kinase (RSK) in infected C1 cells (Figure
6b). The summary Figure 6¢c shows densitometry trac-
ings for COX-2 and phospho-JNK expression in the
presence of all proteasome inhibitors tested and in
the presence of calpeptin. In addition to confirming
the central role played by the JNK and MAPK path-
ways in COX-2 up-regulation following ts1 infection
of C1 cells, these data show that COX-2 up-regulation
occurs under conditions in which the ERK1/2 signal
transduction pathway is inhibited, further indicating

that the ERK1/2 signal transduction pathway is not
directly involved in this sequence of events.

Curcumin inhibits ER stress in ts1-infected C1 cells
Previous work from this laboratory has shown that
tsl-induced cytopathic effects in primary astrocyte
cultures are associated with accumulation of un-
cleaved ts1 envelope preprotein (gPr80°")in the ER
(Shikova et al, 1993). More recent work by Liu
et al (2004) documents that ts1 infection of astro-
cytes activates ER stress signaling pathways, as de-
tected by induction of CHOP, glucose-related pro-
tein 78 (GRP78), and phosphorylated eukaryotic
initiation factor 2« (elF2«) proteins, all of which
are markers of the ER-PERK pathway. ER stress is
known to activate the inositol-requiring enzyme 1
(IRE1)-SEK1/JNK pathway (Ron and Habener, 1992;
Kaufman, 1999; Harding et al, 2000). Surprisingly,
after curcumin treatment, the levels of these PERK
marker proteins (CHOP, GRP78, and phosphorylated
elF2q) are reduced, whereas the ERK1/2-specific in-
hibitor PD98059 had no effect as shown in (Figure 7a
and 7b). These data show that curcumin may reduce
ER stress in ts1-infected C1 cells.

Discussion

Our laboratory has shown previoiusly that tsi1
retrovirus—induced neurovirulence correlates with
viral envelope precursor protein accumulation and
ER stress in infected astrocytes (both primary and
C1). Thisresults in ROS, iNOS, and pro-inflammatory
cytokine production, and in depletion of intracellu-
lar cysteine stores (Choe et al, 1998; Kim et al, 2001;
Shikova et al, 1993; Liu et al, 2004; Qiang et al, 2004).
Itisnow clear that oxidative stress plays an important
role in the pathogenesis of various human and animal
neurodegenerative diseases, such as Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclero-
sis, and transmissible spongiform encephalitis. ROS
signaling appears to be critical for the cellular inflam-
matory responses characteristic of these conditions,
through the activation of redox-sensitive transcrip-
tion factors and proinflammatory gene expression.
Further understanding of the effects and roles of ox-
idative stress and inflammatory responses in these
conditions will provide important insights regarding
brain pathological processes contributing to neuro-
degeneration.

We show here that COX-2 expression is induced
in the brainstems of fsl-infected mice and in ts1-
infected C1 astrocytes, and we identify the JNK/c-
Jun pathway as essential to this response. As shown
in Figure 3, ts1-induced JNK activation is associated
with an increase in the phosphorylation of the JNK-
dependent transcription factor c-Jun. Because ¢c-Jun
phosphorylation enables formation of the activator
protein (AP)-1 complex, ts1-induced JNK activation
may up-regulate both COX-2 gene expression and
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Figure 6 Effect of proteasome inhibitors on COX-2 expression and on phosphorylation of SEK1, JNK, p38, c-Jun, ERK1/2, and p90RSK
in control versus tsl-infected C1 cells. C1 astrocytes were either mock-infected (DMSO alone) or infected with ts1, and whole-cell
lysates were prepared 48 h pi after incubation for 16 h with MG132 (10 xM), calpeptin (10 M), ALLN (5 uM), or lactacystin (10 uM).
(a) Western blot showing levels of COX-2, phosphorylated JNKs, phosphorylated SEK1, and phosphorylated c-Jun proteins in uninfected
versus ts1-infected C1 cells either left untreated (DMSO) or treated with MG-132 or calpeptin. (b) Western blot showing levels of COX-2,
phosphorylated JNKs, phosphorylated c-Jun, phosphorylated p38, phosphorylated ERK1/2, and phosphorylated p90RSK in ts1-infected
cells either left untreated (DMSO) or treated with ALLN or lactacystin. Similar results were obtained in two additional independent
experiments. Con = mock-infected cells; ts1 = ts1-infected cells. (¢) Densitometric analysis of protein bands in (a) and (b). The results

are the mean + SD from three independent experiments, each run in duplicate. a = significantly different from mock-infected controls
(P < .01). b = significantly different from ts1-infected untreated (DMSO-treated) cells (P < .01).
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c-Jun gene expression via cyclic adenosine mono-  late cyclase, the major activator of cAMP-dependent
phosphate (cAMP)-responsive elements present in  protein kinase, is altered in C1 cells infected with
both promoters (Kitabayashi et al, 1990; Han et al, ts1 (Raofi et al, 2000). It is also consistent with
1992; Herr et al, 1994). This idea is consistent with our results, reported here, showing that amounts
our previous observation that the activity of adeny-  of total c-Jun are higher in tsl-infected C1 cells
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Figure 7 Curcumin, but not PD98059, inhibits ts1-induced up-
regulation of CHOP and GRP78, and reduces levels of phosphory-
lated elF2w«. C1 cells were either mock infected or infected with
ts1. At 24 h pi, the culture medium was exchanged for medium
containing either 20 uM of curcumin or 10 uM of PD98059. After
incubation in these drugs for 16 h, whole-cell lysates were pre-
pared and analyzed by Western blotting. (a) Western blot show-
ing levels of CHOP, GRP78, and phosphorylated eIlF2« proteins in
control C1 cells and ts1-infected C1 cells treated with curcumin
or PD98059. (b) Densitometric comparison of CHOP/GADD153,
GRP78, and phosphorylated elF2« (p-elF2«) protein bands in (a).
Results are the means + SD from two independent experiments car-
ried out in triplicate (n = 6). Con = mock-infected cells; ts1 = ts1-
infected cells. a = significantly different from mock-infected con-
trols (P < .01). b = significantly different from ts1-infected control
(DMSO-treated) cells (P < .01).

than in uninfected control cultures. Because to-
tal c-Jun levels increase over time in both control
and the tsl-infected C1 cells (Figure 3a and 3d),
basal expression of c-Jun may be independent of
JNK activation, and may be regulated by another
pathway.

Inhibition of proteasome function by specific in-
hibitors causes protein accumulation with ER stress
responses (Nishitoh et al, 2002), as well as activation
of the JNK and p38 MAPKSs (Hanazawa et al, 1993;
Merlin et al, 1998; Seol et al, 2000; Nakayama et al,
2001; Wu et al, 2002). In the work presented here,
activation of JNK and p38 by proteasome inhibitors
was associated with increased COX-2 expression in
ts1-infected C1 cells (Figures 4 and 6). A specific p38
inhibitor, SB203580, reduced the up-regulated pro-
duction of COX-2 in ts1-infected C1 astrocytes at 72
h post infection (results not shown), suggesting that
p38 MAPK-dependent pathways may be involved
in this event. However, p38 activity in tsl-infected
C1 cells was similar to that of mock-infected cells at

24 and 48 h post infection, and only slightly higher
than that of control cells at 72 h (Figure 2d), sug-
gesting that although p38 may be involved, it may
not be rate-limiting for COX-2 expression in infected
astrocytes.

What are the mechanisms responsible for activa-
tion of the SEK1/JNK/c-Jun pathway in ts1-infected
cells? Work by ourselves and others has shown that
neurovirulent virus and prion infection can cause
ER stress in infected cells (Shikova et al, 1993; Su
et al, 2002; Dimcheff et al, 2003; Liu et al, 2004).
IRE1 activates the downstream mediators SEK1 and
JNK (Tirasophon et al, 1998; Kaufman, 1999; Urano
et al, 2000; Iwawaki et al, 2001; Nishitoh et al,
2002). In the present study, therefore, the upstream
kinase responsible for SEK1/JNK and COX-2 activa-
tion in astrocytes by ts1 infection is likely to be IRE1
(Figure 8).

Work by others has also shown that curcumin sup-
presses JNK activation by blocking signals from up-
stream kinases without directly inhibiting either JNK
or SEK1 (Chen and Tan, 1998; Jobin et al, 1999). A
particularly interesting observation from the present
study is that although SP600125 did not affect lev-
els of the PERK pathway markers CHOP, GRP78, and
phosphorylated elF2« (results not shown), curcumin
treatment inhibited these ER stress signaling path-
ways (Figure 4a and 4c). These results suggest that
curcumin may suppress ER stress signaling through
targets upstream of IRE1 and PERK. Notably, cur-
cumin has been shown to have antioxidant activity
(Sharma, 1976; Scapagnini et al, 2002), and we have
shown that ts1-induced ER stress causes oxidative
stress, and that this in turn can amplify ER stress (Liu
et al, 2002, 2004; Qiang et al, 2004). It seems likely,
in light of this information, that curcumin dampens
ER stress by inhibiting oxidative stress. At present,
the way in which curcumin might exert this effect
remains to be determined.

To our knowledge, this is the first report of a role for
ER stress in the up-regulation of COX-2 by retrovirus
infection, both in vivo and in vitro. The results of the
present study add to our previous findings linking ts1
infection of astrocytes to an ER stress response that (a)
activates SEK1/JNK/c-Jun signaling pathways, and
(b) elevates COX-2 production. A schematic represen-
tation of possible pathways involved in this sequence
appears in Figure 8.

The data presented here also imply that the inflam-
matory consequences of fs1 infection in astrocytes
(reflected by COX-2 up-regulation) are direct conse-
quences of ER stress responses activated in these cells
after infection by ts1 (following JNK phosphoryla-
tion). Ourresults have identified the JNK intracellular
signaling pathway as the primary cause of ER stress
in retrovirus-infected astrocytes. The data also iden-
tify COX-2 and its regulatory pathways as potential
targets for therapeutic intervention in neurodegener-
ative disease.
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Figure 8 A hypothetical model for an ER stress—linked JNK pathway leading to up-regulation of COX-2 after ts1 infection in astrocytes.
In this scenario, accumulation of viral envelope protein in the astrocyte ER in causes ER stress, activating ER stress signaling in which
IRE1 and PERK are activated, CHOP, GRP78 and elF2« are activated, and IRE1 activates the downstream mediators SEK1 and JNK,
resulting in the phosphorylation of c-Jun, increased transcription of COX-2 mRNA, and up-regulation of COX-2 expression. Inhibition of
the JNK/c-Jun signaling pathway by the JNK inhibitors curcumin and SP600125 decreases the expression of COX-2. Curcumin may also
inhibit the upregulation of COX-2 by inhibiting ER stress and oxidative stress.

Materials and methods

Reagents and antibodies
Sodium orthovanadate (Na3VQ,), sodium B-
glycerophosphate, sodium fluoride (NaF), dithio-
threitol (DTT), and phenylmethylsulfonyl fluoride
(PMSF) were purchased from Sigma Chemical
(St. Louis, MO, USA). Leupeptin, pepstatin,
and aprotinin were purchased from Boehringer
Mannheim (Indianapolis, IN, USA). Iodoacetamide
(an isopeptidase inhibitor) was obtained from
Fluka Chemical (Milwaukee, WI, USA). PD98059,
SP600125, MG-132, lactacystin, ALLN, calpeptin,
and curcumin (diferulolylmethane) were obtained
from Calbiochem (San Diego, CA, USA). All were
dissolved in dimethylsulfoxide (DMSQO) or ethanol
and stored at —80°C.

Antibodies recognizing phospho-specific ERK1/2,
p38 kinase, JNK, c-Jun, p90RSK, SEK1, and elF2a,

and antibodies recognizing total SEK1, JNKs, and c-
Jun were purchased from Cell Signaling Technolo-
gies (Beverly, MA, USA). A rabbit polyclonal an-
tibody against COX-2 (Antibody-1) was obtained
from Cayman Chemical (Ann Arbor, MI, USA).
Monoclonal mouse IgG antibody against B-actin
(A5441) was purchased from Sigma.

Virus

ts1, a temperature-sensitive mutant of MoMuLV, was
propogated in the thymus—bone marrow cell line TB.
Virus titers were determined using a modified direct
focus-forming assay in 15F cells, which are a murine
sarcoma-positive, leukemia-negative cell line, as de-
scribed (Wong et al, 1981).

Cell culture and virus infection
Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and other cell culture reagents
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were obtained from Life Technologies (Rockville,
MD, USA). The C1 astrocyte line is an immortalized
murine astrocytic cell line that shows astrocyte char-
acteristics and can be infected by ts1. ts1-infected C1
cells show cytopathic effects, stress responses, and
stress defenses similar to those observed in primary
astrocyte cultures infected by this virus (Lin et al,
1997; Liu et al, 2004; Qiang et al, 2004). For this study,
C1 cells were maintained in DMEM supplemented
with 10% FBS and antibiotics (100 units/ml peni-
cillin and 100 pg/ml streptomycin). All cells were
grown at 37°C in a humidified incubator containing
5% CO; in air. Cells were passaged biweekly and
used for experiments when in the exponential growth
phase.

For virus infection, C1 cells (2 x 108) were sus-
pended in DMEM containing 1% FBS and 3 pg/ml
of polybrene, and seeded in 100-mm tissue culture
dishes. After culturing overnight, the medium was
removed, and the cells infected with ts1 virus at a
multiplicity of infection of 10 in DMEM containing
1% FBS and 3 pg/ml of polybrene. After 40 min of
virus adsorption at 34°C under 5% CO,, the medium
was removed, and DMEM containing 5% FBS added
to the culture. The plates were then incubated for
varying times at 37°C (Lin et al, 1997). For mock infec-
tion, C1 astrocytes were prepared as described above,
except that were incubated in culture medium con-
taining polybrene, but without virus.

For studies of ERK and JNK inhibition, PD98059
(10 uM), curcumin (10, 20, and 40 uM), SP600125
(10, 20, and 40 M), or DMSO only (control medium;
<0.1%) were added to the culture medium of ts1-
infected and mock-infected cells, and the cells were
incubated for an additional 16 h before preparation
of cell lysates. For studies of proteasome inhibition,
MG-132 (10 uM), lactacystin (10 uM), ALLN (5 uM),
or DMSO only (<0.1%) were added to the culture
medium of ts1-infected and mock-infected cells, and
the cells incubated for an additional 16 h before
preparation of cell lysates, as described previously
(Kim et al, 2001).

Animals and virus infection

FVB/N mice were obtained from Taconic Farms (Ger-
mantown, NY, USA). Mice were maintained in ster-
ilized microisolators and supplied with autoclaved
food and water ad libitum. Newborn FVB/N mice
were inoculated intraperitoneally with 0.1 ml of ts1
viral suspension containing 107 infectious units/ml,
as described previously (Stoica et al, 2000), whereas
control mice were inoculated with medium only. The
mice were then observed daily for signs of paralysis,
and were killed at 25 dpi. This experimental protocol
was approved by the Texas A&M University Institu-
tional Animal Care and Use Committee.

Tissue processing
For histopathology and immunohistochemistry, ts1-
infected (n = 5) and control (n = 5) mice were anes-

thetized using an intraperitoneal injection of pento-
barbital (150 mg/kg) and transcardially perfused with
10% buffered formalin as a fixative using a peristaltic
pump. Aftera 12-h fixation, each brain was dissected,
with the brain segments separated for further process-
ing. For RT-PCR and Western immunoblotting anal-
ysis of COX-2 mRNA and protein in the brainstem,
ts1-infected (n = 3) and control (n = 3) mice were sac-
rificed at 25 dpi, their brains removed, and the brain-
stem tissues snap-frozen in liquid nitrogen and stored
at —80°C.

RT-PCR analysis of COX-2 mRNA

Total RNA was isolated from brainstems of con-
trol and ts1-infected mice using Trizol reagent (In-
vitrogen, Carlsbad, CA, USA), as described pre-
viously (Kim et al, 2000). Briefly, 1 pg of each
DNase-treated total RNA, primed with oligo (dT)
primers, was retrotranscribed into ¢cDNA in a final
volume of 20 ul using the ultra HF RT-PCR sys-
tem kit (Stratagene, La Jolla, CA, USA). Synthe-
sized cDNA was amplified by a standard PCR pro-
tocol using Taq polymerase and primers (forward
primer: 5-GGGTTGCTGGGGGAAGAAATGTG; re-
verse primer 5-GGTGGCTGTTTTGGTAGGCTGTG)
specific for mouse COX-2 cDNA. To affirm the in-
tegrity of the RNA samples used in the RT-PCR re-
actions, parallel amplifications with oligonucleotide
primers specific for mouse pB-actin cDNA (for-
ward: 5'-ATGTACGTAAGCCATCCAGGC; reverse; 5'-
AAGGAAGGCTGGAAAAGAGC, yielding a 403-bp
product) were performed.

A linear curve was plotted using the number of
cycles of amplification (20, 25, 30, and 35 cycles)
versus densitometric values of the PCR products
of COX-2 and pg-actin at each cycle. As linearity
was obtained between 20 and 30 cycles for each
of the two primer pairs, the optimal number of cy-
cles for amplification was determined to be 25 (data
not shown). Reaction products were electrophoresed
on 1.5% agarose gels. Band intensities were ana-
lyzed using a densitometer (Model GS-690; Bio-Rad)
equipped with the Multi-Analyst software program
(Version 1.01; Bio-Rad). For quantification, the den-
sity of the COX-2 signal was normalized to that for
B-actin.

Tissue and cell extracts

Brainstem tissue lysates were prepared by homog-
enization of frozen tissues in 10 volumes of lysis
buffer containing 50 mM Tris-HCI (pH 7.9), 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM Na;zVO,, 30 mM sodium g-glycerophosphate,
50 mM NaF, 10 mM iodoacetamide, 1 mM DTT,
1% Nonidet P-40, 1 mM PMSF, 10 pg/ml pepstatin,
10 pg/ml leupeptin, and 5 pg/ml aprotinin. The
lysates were cleared by centrifugation at 13,000 x
g at 4°C for 20 min, and the supernatants kept
frozen at —80°C. The protein content of the lysates



was determined using the Bradford Assay (Bio-Rad,
Hercules, CA, USA), with bovine serum albumin as
the standard.

Western blotting

Proteins (20 to 50 ug) were separated by 6% to
12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to
nitrocellulose membranes (Schleicher and Schuell,
Keene, NH, USA). Kaleidoscope-prestained stan-
dards (Bio-Rad) were used to determine molecu-
lar weight. The membranes were incubated for 1 h
in blocking buffer (20 mM Tris-HCl-buffered saline
[TBS] containing 5% nonfat milk powder and 0.1%
Tween 20) at room temperature, and then probed with
appropriate antibodies in blocking buffer overnight
at 4°C. Normal mouse or rabbit IgGs at the same di-
lutions were used as controls. The blots were incu-
bated with anti-mouse or anti-rabbit IgG-peroxidase
conjugates (1:1000 dilution; Kirkegaard Perry Labo-
ratories, Gaithersburg, MD, USA), and developed us-
ing the enhanced chemiluminescence (ECL) method
(Amersham Life Science, Arlington Heights, IL,
USA). After imaging, the blots were stripped and rein-
cubated with a mouse monoclonal anti-8-actin anti-
body to confirm equal protein loading. Densitomet-
ric analysis of autoradiographs was performed using
a densitometer, as described above.
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