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Introduction

Summary

Astrocyte elevated gene-1 (AEG-1) is induced by human immuno-
deficiency virus 1 (HIV-1) infection and involved in tumour progression,
migration and invasion as a nuclear factor-kB (NF-kB) -dependent gene.
The involvement of AEG-1 on lipopolysaccharide (LPS) -induced pro-
inflammatory cytokine production was examined. AEG-1 was induced via
NF-xB activation in LPS-stimulated U937 human promonocytic cells.
AEG-1 induced by LPS subsequently regulated NF-«B activation. The pre-
vention of AEG-1 expression inhibited LPS-induced tumour necrosis fac-
tor-o and prostaglandin E, production. The AEG-1 activation was not
induced by toll-like receptor ligands other than LPS. Therefore, AEG-1
was suggested to be a LPS-responsive gene and involved in LPS-induced
inflammatory response.

Keywords: astrocyte elevated gene-1 (AEG-1); lipopolysaccharide; nuclear
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migration and invasion as nuclear factor-xB (NF-xB)-
. 10,11 .
dependent gene expression. However, there is no report

Astrocyte elevated gene-1 (AEG-1), known as human
metadherin, was originally cloned as a human immuno-
deficiency virus (HIV)-1-inducible transcript in primary
human fetal astrocytes by the rapid subtraction hybridiza-
tion approach.'™ Activation of AEG-1 is induced by on-
cogenic Ha-ras, gpl20 and tumour necrosis factor-o
(TNF-o) as well as by HIV-1 infection.>* AEG-1 is ubiqui-
tously expressed in various cell types* and in particular the
expression is augmented in a variety of tumours, such as
human malignant glioma and breast cancer.*” AEG-1 is
reported to be a downstream target of Ha-ras and to be
activated through a series of signal sequences consisting of
Ras-phosphoinositide 3-kinase (PI3K)-Akt-Myc/Max.*?
The activation of AEG-1 is involved in tumour progression,

concerning the involvement of AEG-1 in the inflammatory
response in host defence, although the action of AEG-1 on
tumour cells has been extensively studied.

Innate immune cells mediate the inflammatory response
to microbial pathogens and products. Lipopolysaccharide
(LPS), a Gram-negative bacterial component, is a potent
initiator of inflammatory responses. It triggers toll-like
receptor 4 (TLR4)-mediated signal pathways including
NF-«B, PI3K/Akt and a series of mitogen-activated protein
kinases, such as extracellular signal regulated kinase (ERK)
1/2, p38, stress-activated protein kinase/Jun N-terminal
kinase (SAPK/JNK).'*>!? Subsequently, those signal
pathways finally lead to a cellular response, followed by
production of proinflammatory cytokines and mediators.

Abbreviations: AEG-1, astrocyte elevated gene-1; ERK, extracellular signal-related kinase; HIV-1, human immunodeficiency virus
type 1; IgG, immunoglobulin G; LPS, lipopolysaccharide; NF-«B, nuclear factor-xB; PBMC, peripheral blood mononuclear cells;
PGE,, prostaglandin E,, PI3K, phosphoinositide 3-kinase; PMA, phorbol 12-myristate 13-acetate; RT-PCR, reverse transcription—
polymerase chain reaction; SAPK/JNK, stress-activated protein kinase/Jun N-terminal kinase; siRNA, small interfering RNA;

TLR4, toll-like receptor 4; TNF-o, tumour necrosis factor-o.
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AEG-1 is known to participate in the activation of
NF-xB'®!'" and LPS-induced cytokine production is mainly
dependent on NF-xB activation."*™"” However, the interac-
tion between AEG-1 and LPS signalling is not known. This
study investigated if and how AEG-1 was involved in
LPS-induced TNF-a production in the U937 human
promonocytic cell line and in human peripheral blood
mononuclear cells. Here we report that AEG-1 may
regulate LPS-induced proinflammatory mediator produc-
tion through its effect on NF-«B activation.

Materials and methods

Materials

Lipopolysaccharide from Escherichia coli O111, phorbol
12-myristate 13-acetate (PMA), polymyxin B sulphate and
LY294002 were obtained from Sigma (St Louis, MO).
Antibodies to p65, phosphorylated p65 and anti-rabbit
immunoglobulin G (IgG) were purchased from Cell Sig-
nalling Technology (Beverly, MA). Anti-fi-actin antibody
and donkey anti-goat IgG antibody were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-
metadherin (C-term) antibody was obtained from Invi-
trogen (Carlsbad, CA). Parthenolide was obtained from
Calbiochem (La Jolla, CA).

Cell growth

U937 cells, a human promonocytic cell line, were
obtained from the Riken cell bank (Tsukuba, Japan),
maintained in RPMI-1640 medium containing 5% heat
inactivated fetal calf serum (GIBCO-BRL, Gaithersburg,
MD) and antibiotics at 37° under 5% CO,. Human
peripheral blood mononuclear cells were isolated from
healthy volunteers using density gradient centrifugation
(Pharmacia LKB, Uppsala, Sweden) and were cultured in
RPMI-1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum in tissue culture flasks for 3 hr. The
adherent cells were further cultured in fresh medium
overnight. The cells were washed vigorously with culture
medium and the adherent cells were isolated by gentle
detachment with a cell scraper.

Transfection of small interfering RNA

AEG-1-specific siGENOME SMART pool and a non-
targeting small interfering RNA (siRNA) were obtained
from Dharmacon (Chicago, IL). U937 cells were seeded at
a concentration of 2 X 10” cells/well in a 48-well plate in
growth medium without antibiotics. Cationic lipid com-
plexes were prepared by incubating 200 nm siRNA with
1 pl Hiperfect transfection reagent (Qiagen, Hilden, Ger-
many) in 50 pl medium without serum and then added
to the cells. After 4 hr incubation, the cells were
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incubated with 200 pl fresh growth medium without
antibiotics for at least 18 hr, followed by a second round
of siRNA transfection as described above. After 4 hr
incubation, the cells were incubated in growth medium
without antibiotics. The efficiency of the AEG-1 knock-
down was evaluated by immunoblotting and polymerase
chain reaction (PCR) 72 and 48 hr, respectively, after the
second transfection.

Transfection of dominant negative mutants of IxB-o and
Akt

Dominant negative mutants of pCMV-IxB-a« M vector
and empty vector were purchased from Clontech (Moun-
tain View, CA) and the dominant negative mutant of Akt
was obtained from Upstate (Charlottesville, VA). U937
cells were transfected with dominant negative mutants by
a FuGene HD transfection reagent (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s
instructions. In brief, 2.5 x 10° cells were plated in 60-
mm plastic dishes 12 hr before transfection in normal
growth media without antibiotics. The mixture of plasmid
(5 ng) and transfection reagent (20 pl) was added to the
culture and the cells were incubated for 4 hr in a 60-mm
plastic dish, followed by adding fetal calf serum up to
5%. Two days later, transfected cells were used in the
experiments. The transfection efficiency was analysed by
immunoblotting with anti-phosphorylated p65 and Akt
antibodies.

Determination of TNF-o. and prostaglandin E, (PGE,)
production

U937 cells were cultured with or without PMA (100 ng/ml)
for 12 hr and then stimulated with LPS at 100 ng/ml
for 6 hr. The concentration of TNF-o in the culture
supernatant was determined with an enzyme-linked
immunosorbent assay kit (BioSource, Camarillo, CA). For
PGE, measurement, U937 cells were cultured with LPS at
1 pg/ml for 24 hr. The concentration of PGE, in the cul-
ture supernatant was determined with an enzyme immuno-
assay kit (Cayman, Ann Arbor, MI). In some experiments
polymyxin B (200 ng/ml) was also added with PMA and
then stimulated with LPS.

Reverse transcription (RT)-PCR analysis

The RT-PCR was performed as described previously.'®
RNA was extracted from the cells with RNeasy mini kit
(Qiagen, Valencia, CA). Semi-quantative RT-PCR was
carried out by using the Access Quick RT-PCR system
(Promega, Madison, WI). Primers were obtained from
Invitrogen with the following sequences: for AEG-I,
forward 5'-ACGACCTGGCCTTGCTGAAGAATCT-3" and
reverse  5'-CGGTTGTAAGTTGCTCGGTGGTAA-3'; for
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TNF-a, forward 5-ACCACGCTCTTCTGCCTGCT-3" and
reverse 5'-TGATGGCAGAGAGGAGGTTGAC-3'; and for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
forward 5'-ATGGGGAAGGTGAAGGTCGGAGTC-3' and
reverse  5'-GCTGATGATCTTGAGGCTGTTGTC-3'. The
GAPDH was used as an equal loading control. Optimized
reverse transcription and PCR conditions were 48° for
45 min followed by 95° for 2 min and 25 cycles at 95°
for 45 seconds, 60° for 45 seconds, 72° for 60 seconds.
The PCR products were analysed by electrophoresis on
1.5% agarose gel. The gels were stained with CYBR safe
DNA gel stain (Molecular Probe, Eugene, OR) and visual-
ized under an ultraviolet transilluminator. The 100 base
pair DNA size marker (Invitrogen) was also run to deter-
mine the approximate size of the product.

Immunoblotting

Immunoblotting was performed as described elsewhere.”
In brief, the cell lysates were extracted by lysis buffer and
were subjected to sodium dodecyl sulphate (SDS)—poly-
acrylamide gel electrophoresis using a 10% gel. The pro-
teins were electrically transferred to a membrane and the
membrane was treated with various antibodies, followed
by horseradish peroxidase-conjugated goat anti-rabbit
IgG. The protein bands were visualized by a chemilumi-
nescence reagent (Pierce, Rockford, IL). For reprobing,
membranes were stripped with the solution containing
2% SDS, 62-5 mm Tris—=HCI, pH 6.8, 100 mm 2-mercapto-
ethanol at 50° for 30 min and treated with corresponding
antibodies. The molecular sizes of the antigens were
determined by comparison with a prestained protein size
marker kit (Invitrogen).

NF-kB-dependent luciferase assay

U937 cells were transfected with siRNA and incubated for
48 hr. The cells were further transfected with 500 ng/well
of NF-xB-Taluc luciferase reporter gene (Invitrogen) and
an equal amount of pRL-TK plasmid (Promega) by
FuGene HD transfection reagent and incubated for 48 hr.
The transfected cells were stimulated with LPS (100 ng/
ml) for 6 hr. After lysis with a lysis reagent (Promega) the
luciferase activity was determined with the dual luciferase
assay kit (Promega). The NF-xB-dependent luciferase
activity in the cell lysates was determined with a lumino-
meter. The fold increase was calculated based on the
untreated control.

Statistical analysis

All the experiments were performed at least three times
independently. Experimental data are expressed as the
mean of triplicates £ SD in at least three independent
experiments. Statistical analysis based on Student’s f-test
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was carried out for comparisons between two experi-
ments. A value of P < 0-01 was considered statistically
significant.

Results

LPS induces the expression of AEG-1 in U937 cells
and human monocytes

The effect of LPS on the expression of AEG-1 in U937
cells was examined (Fig. 1). U937 cells were stimulated
with various concentrations of LPS and the expression of
AEG-1 protein and of messenger RNA (mRNA) was
determined by immunoblotting and RT-PCR, respectively.
AEG-1 was only slightly expressed in non-treated U937
cells. The LPS augmented the AEG-1 expression in a con-
centration-dependent manner up to 100 ng/ml (Fig. la).
The enhancing effect of LPS at 1000 ng/ml was less
marked than at 100 ng/ml. U937 cells were stimulated
with LPS at 100 ng/ml for various times (Fig. 1b). The
expression of AEG-1 increased after LPS stimulation,
reached a peak at 1 hr, and then declined until 3 hr. The
effect of LPS on the expression of AEG-1 mRNA was
examined by RT-PCR (Fig. 1c). This showed that LPS
enhanced the expression of AEG-1 mRNA 15 min after
the stimulation and the enhancement continued for at
least 60 min.

(a) AEG-1 " — “ ——
B-actin T— e — —— ——
LPS (ng/ml) - 1 0 100 1000
(b) AEG-1 — - AR e ——
p-actin T —— e —

Time (h) - 30 60 120 180
R -
T
Time (h) - 15 30 60 120
(d) AEG-1 - - 1."! -

B-actin —_— P S e S
LPS (ng/ml) - 1 10 100 1000

Figure 1. Induction of astrocyte elevated gene-1 (AEG-1) expression
by lipopolysaccharide (LPS). (a) U937 cells were cultured with vari-
ous concentrations of LPS for 1 hr. (b, ¢) U937 cells were cultured
with LPS (100 ng/ml) for various times. (d) Human peripheral
blood mononuclear cells were cultured with various concentrations
of LPS for 1 hr. The expression of AEG-1 protein and messenger
RNA were analysed by immunoblotting (a—c) and reverse transcrip-
tion—polymerase chain reaction (c).
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The effect of LPS on the expression of AEG-1 was
examined in human peripheral blood monocytes
(Fig. 1d). At 1 ng/ml LPS induced the AEG-1 expression
which reached a peak at 100 ng/ml of LPS. A similar con-
centration-dependent response was seen in human mono-
cytes as well as U937 cells. However, LPS at any
concentration did not induce AEG-1 protein and mRNA
in RAW 264.7 mouse macrophage-like cells (data not
shown). In addition, the AEG-1 expression was not
induced by other TLR ligands including poly(I : C), CpG
DNA, Pam3CysSK4 and imiquimod R837 in U937 cells
(data not shown).

LPS triggers the expression of AEG-1 through NF-xB

To clarify the signal molecules triggering LPS-induced
AEG-1 expression, the effect of parthenolide as a NF-xB
inhibitor'® and the IxB dominant negative mutant on LPS-
induced AEG-1 expression was examined in U937 cells
(Fig. 2a). U937 cells were stimulated with LPS (100 ng/ml)
in the presence or absence of parthenolide and the AEG-1
expression was determined by immunoblotting. Partheno-
lide and IxB dominant negative mutant completely
prevented LPS-induced AEG-1 expression. Further, we
examined the effect of LY294002 as a PI3K inhibitor®’ and
the Akt dominant negative mutant on LPS-induced AEG-1
expression. Neither LY294002 nor Akt mutant had any
effect on AEG-1 expression (Fig. 2b). The effect of a series
of pharmacological inhibitors including PD98059 for
ERK1/2, SB203580 for p38 and SP600125 for SAPK/JNK
on LPS-induced AEG-1 expression was examined. None of
them had any effect on it (data not shown).

AEG-1 regulates the activation of NF-«B in LPS-
stimulated U937 cells

In the preceding section we demonstrated that LPS aug-
mented the expression of AEG-1 via NF-xB activation.
On the other hand, AEG-1 is reported to activate NF-xB
via IkB degradation and to interact physically with the
p65 component of NF-kB.*'" A possibility was raised that
AEG-1 induced by LPS might further affect LPS-induced
NE-«B activation. U937 cells were transfected with AEG-1
siRNA and then stimulated with LPS. The phosphoryla-
tion of p65 NF-kB was determined in whole cell extract
by immunoblotting with anti-phosphorylated p65 (pp65)
antibody. First, we confirmed that AEG-1 siRNA signifi-
cantly inhibited AEG-1 protein and mRNA expression
(Fig. 3a), although the control siRNA did not affect it. By
using the AEG-1 siRNA, the effect on the phosphoryla-
tion of p65 NF-kB was examined (Fig. 3b). The
LPS-induced p65 phosphorylation was significantly inhib-
ited by introduction of AEG-1 siRNA into U937 cells,
suggesting that AEG-1 up-regulated LPS-induced NF-xB
activation. On the other hand, the control siRNA failed
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Figure 2. Involvement of nuclear factor-«B (NF-xB) activation in
lipopolysaccharide (LPS) -induced astrocyte elevated gene 1 (AEG-1)
expression. (a) U937 cells were treated with 5 uM parthenolide as a
NF-kB inhibitor for 10 hr (top). U937 cells were transfected with
IxB dominant negative mutant or empty vector as a negative control
and further cultured for 2 days (bottom). (b) U937 cells were pre-
treated with 25 pm LY294002 as a phosphoinositide 3-kinase (PI3K)
inhibitor for 10 hr (top). U937 cells were transfected with Akt domi-
nant negative mutant or empty vector as a negative control and cul-
tured for 2 days (bottom). Those cells were further stimulated with
LPS (100 ng/ml) for 1 hr and the expression of AEG-1 was analysed
by immunoblotting.

to do this. To confirm the regulation of LPS-induced
NF-xB activation by AEG-1, U937 cells were transfected
with AEG-1 siRNA or control siRNA, transfected with
NF-kB luciferase reporter gene with internal control
plasmid and stimulated with LPS. The LPS significantly
enhanced the NF-xB-dependent reporter gene activity in
control siRNA and non-transfected cells. On the other
hand, AEG-1 siRNA significantly reduced it (Fig. 3c).

AEG-1 regulates the production of TNF-a and PGE,
in LPS-stimulated U937 cells

Lipopolysaccharide-induced TNF-a and PGE, production
is mainly dependent on NF-xB activation.'*™"” In the
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Figure 3. Inhibitory action of astrocyte elevated gene 1 (AEG-1)
small interfering RNA (siRNA) on lipopolysaccharide (LPS)-induced
nuclear factor-«B (NF-xB) phosphorylation. (a) U937 cells were
transfected with AEG-1 siRNA or negative control siRNA for 72 hr.
The expression of AEG-1 protein and of messenger RNA were analy-
sed by immunoblotting (top) and reverse transcription—polymerase
chain reaction (bottom). (b) Transfected cells were treated with LPS
(100 ng/ml) for 1 hr and the phosphorylation of p65 in whole cell
extract was analysed by immunoblotting with anti-phosphorylated
p65 (pp65) antibody. (c) The effect of AEG-1 siRNA on LPS-
induced NF-xB-dependent luciferase activity. The cells transfected
with control or AEG-1 siRNA were stimulated with LPS (100 ng/ml)
for 6 hr and the luciferase activity was determined using a lumino-
meter.

preceding section, AEG-1 is shown to regulate LPS-
induced NF-xB activation. Therefore, the effect of AEG-1
siRNA on LPS-induced TNF-o and PGE, production was
examined (Fig. 4a). The LPS did not induce TNF-« pro-
duction in normal U937 cells but did induced it in PMA-

e704

@ S0r ] TNFa
=, e
[ IPGE2 PR
40
£ .
(=]
£ 301 .
c
k]
5
S 20
Q
[
o
o
10 |-
0 g ety
LPS - + -
PMA - - +
Control AEG-1
siRNA siRNA
(b)
TNF-o -l e
GAPDH At e S SE—
LPS - -
PMA - +
Control AEG-1
siRNA siRNA

Figure 4. Inhibitory action of astrocyte elevated gene 1 (AEG-1)
small interfering RNA (siRNA) on lipopolysaccharide (LPS)-induced
tumour necrosis factor-a (TNF-o) and prostaglandin E, (PGE,) pro-
duction. (a) U937 cells were transfected with AEG-1 siRNA or nega-
tive control siRNA for 72 hr. Transfected or control cells were
treated with phorbol myristate acetate (100 ng/ml) for 12 hr, fol-
lowed by stimulation with LPS (100 ng/ml) for 6 hr in TNF-o pro-
duction or with LPS (1 pg/ml) for 24 hr in PGE, production. The
levels of TNF-oo and PGE, in the culture supernatant were deter-
mined with enzyme-linked immunosorbent assay and enzyme immu-
noassay, respectively. *P < 0.01 versus control siRNA. (b)
Transfected or control cells were stimulated with LPS (100 ng/ml)
for 1 hr. The expression of TNF-o messenger RNA was analysed with
reverse transcription—polymerase chain reaction.

treated U937 cells. Therefore, PMA-treated U937 cells
were used for the experiment. Introduction of AEG-1 siR-
NA into U937 cells inhibited the production of TNF-ua
and PGE, in response to LPS. Next, the effect of AEG-1
siRNA on LPS-induced TNF-& mRNA expression was
examined. AEG-1 siRNA significantly inhibited the
expression of TNF-o mRNA in LPS-stimulated U937 cells
(Fig. 4b). AEG siRNA also inhibited the expression of
cyclo-oxygenase 2 in those cells (data not shown).
Polymyxin B (200 ng/ml) as a specific inhibitor of LPS
completely abolished the LPS-induced TNF-o and PGE,
production (approximately 100% inhibition), suggest-
ing that LPS as TLR4 ligand itself induced TNF-o and
PGE,.
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Discussion

In the present study we demonstrate for the first time
that AEG-1 is a LPS-responsive gene and regulates pro-
duction of LPS-induced proinflammatory mediators via
enhanced NF-xB activation. Based on the finding that
AEG-1 is not induced by TLR ligands other than LPS
(TLR-4 ligand), AEG-1 may exclusively regulate TLR4-
mediated signalling and gene expression. AEG-1 is acti-
vated by oncogenic Ha-ras, gp120, TNF-o0 and HIV-1
infection,™* and especially the expression is augmented in
a variety of tumours.*”” Moreover, the activation of AEG-
1 is involved in tumour progression, migration and inva-
sion as NF-xB-dependent gene expression.'” Therefore,
the present study suggests that AEG-1 may play an
important role in the regulation of innate immunity as
well as carcinogenesis.

Lipopolysaccharide induced the activation of AEG-1 in
a NF-kB-dependent manner. Oncogenic Ha-ras is
reported to induce AEG-1 expression via the PI3K signal
pathway that augments c-Myc to key E-box elements in
the AEG-1 promoter.” As far as is known, the PI3K signal
pathway is only the established signal pathway in AEG-1
activation. In the present study, however, we could not
confirm the involvement of the PI3K/Akt pathway in
LPS-induced AEG-1 activation. In the case of carcinogen-
esis the AEG-1 gene is activated over a long period
through the PI-3K/Akt signal pathway. On the other
hand, in the case of the inflammatory response it might
be activated within 30 min through the NF-xB signal
pathway. Therefore, various stimuli might utilize different
activation pathways for AEG-1 activation.

There is no information on the presence of a kB
binding site in AEG-1 promoter. Bioinformatics analysis
revealed that the human AEG-1 promoter lacks consensus
TATA and CAAT boxes, but contains multiple Spl
binding motifs and high GC content.* The Spl binding
site is observed in numerous genes lacking a TATA box*
and Spl has been reported to interact with NF-xB in vitro
and in vivo.*>** The LPS-induced activation of NF-xB
can trigger AEG-1 expression via the involvement of Spl.
On the other hand, activated AEG-1 then regulates LPS-
induced NF-«xB activation. In fact, AEG-1 siRNA inhibited
the phosphorylation of p65 NF-xB. It is of interest to
characterize the interaction between NF-xB and AEG-1.

Lipopolysaccharide stimulates macrophage and leads to
the production of various proinflammatory mediators.*®
The pleiotropic effects of LPS are widely accepted as a
cause of endotoxin shock, which mainly results from sus-
tained or over-expression of proinflammatory mediators.
Our study demonstrates that AEG-1 augments LPS-
induced TNF-o and PGE, production and that AEG-1
regulates LPS-induced, NF-xB-dependent gene expression.
AEG-1 might be a target molecule for the therapy of
LPS-related diseases, such as sepsis, septic shock and
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systemic inflammatory response syndrome. In addition to
pathogen-stimulated inflammation, many other disease
states, such as severe trauma, burns and surgery, induce
the NF-xB-dependent production of pro-inflammatory
mediators.”**° The involvement of AEG-1 in such condi-
tions is not unlikely because AEG-1 activation is also trig-
gered by a number of stimuli, Ha-ras, gp120, TNF-o and
HIV-1 infection.>* The possibility that LPS may induce
AEG-1 expression via TNF-a production is unlikely
because TNF-a-induced AEG-1 expression takes 3 days.”

Lipopolysaccharide did not augment AEG-1 in RAW
264.7 mouse macrophage-like cells, although anti-me-
tadherin (C-term) antibody specifically recognizes mouse
AEG-1 homologue (3D3). Mouse AEG-1 homologue is
three amino acids shorter than human AEG-1. Moreover,
human AEG-1 protein is located in the cytoplasm and
nucleus whereas mouse one is located only in the cyto-
plasm.* No AEG-1 augmentation in LPS-stimulated RAW
264.7 cells might be the result of the differences in AEG-1
expression between mouse and human. No augmentation
is seen in several human cancer cell lines.*”> The precise
mechanism of no AEG-1 augmentation is still a matter
for speculation.

In summary, AEG-1 is a LPS-responsive gene and plays
an important role in LPS-induced TNF-o and PGE, pro-
duction via NF-xB activation. AEG-1 might be an impor-
tant regulatory molecule for the control of TLR4 (LPS)-
mediated gene expression.
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