Arch Pharm Res Vol 22, No 2, 130-136, 1999

Microbiology & Immunology

Interferon-y and Lipopolysaccharide Induce Mouse Guanylate-
Binding Protein 3 (mGBP3) Expression in the Murine Macrophage

Cell Line RAW264.7

Byung Hee Han

Department of Neurology, Washington University School of Medicine, 660 S. Fuclid Ave. St. Louis, MO 637170, USA

(Received November 5, 1998)

Mouse guanylate-binding protein 3 (mGBP3) is a 71-kDa GTPase which belongs to GTP-
binding protein family. The present study showed that the expression of mGBP3 transcript was
readily induced in a dose dependent fashion in the macrophage cell line RAW264.7 treated
with either interferon-y (IFN-Y) or lipopolysaccharide (LPS). The expression of mGBP3 protein
was also apparent by 4 and 6 h after the treatment of cells with IFN-y (100 U/ml) or LPS (1 pg/
ml), and remained at plateau for at least 24 h. Cycloheximide (10 pug/mi) had no effect on the
IFN-y- or LPS-induced mGBP3 expression, suggesting that the mGBP3 induction did not
require further protein synthesis. Interestingly, a protein kinase C (PKC) inhibitor staurosporine
(50 nM) abolished the induction of mGBP3 expression by LPS, but not by IFN-y. These
findings suggest that mGBP3 may be involved in the macrophage activation process and both
IFN-y and LPS induce the mGBP3 expression through distinct signal transduction pathways.
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INTRODUCTION

Macrophages play essential roles in inflammation
and immunity. The treatment of macrophages with
interferon-y (IFN-y) induces a number of genes of
which protein products are involved in the regulation
of macrophage function (Darnell et al, 1994; Sorace
et al, 1995; Sano et al, 1997). One of INF-y-response
gene products includes a family of guanylate-binding
proteins (GBPs) which belongs to the GTP-binding pro-
tein superfamily (Han et al,, 1998; Cheng et al,, 1991;
Wynn et al,, 1991; Asundi et al, 1994; Schwemmle et
al., 1994; Strehlow et al, 1994). To date, three struc-
turally related mammalian GBPs have been identified
as IFN-y-inducible genes in human:GBP1 (Cheng ef
al., 1991), GBP2 (Cheng et al, 1991), and a partial
sequence of GBP3 (Strehlow et a/, 1994), in mouse :
GBP1/MAG1T (Cheng et al, 1991; Wynn et al,, 1991),
MAG2 (Wynn et al., 1991), GBP3 (Han et al, 1998)
and in the other species (Asundi er al, 1994;
Schwemmle et a/, 1994). All members of GBPs share
a high degree of sequence homology and have only
the first two elements of three GTP-binding consensus
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elements, GXXXGK(S/T), DXXG, and (N/T)KXD, present
in typical GTP-binding proteins (Bourne et al., 1991;
Manavalan ef al, 1995). Nevertheless, GBPs exhibit
the binding specificity to guanine nucleotides and
GTPase activities with a variety of catalytic properties.

We have previously cloned and characterized the
71-kDa mGBP3 which is highly expressed in the
erythroid progenitor cells isolated from mouse spleen
infected with Friend virus (Han et al, 1998; Park et
al, 1993). Moreover, in macrophage cell line RAW
264.7, mGBP3 gene expression is ordinarily undetec-
table in unstimulated cells, but is readily induced
after the treatment with IFN-y (Han et a/, 1998).
Recombinant mGBP3 exhibits an intrinsic GTPase
activity that hydrolyzes GTP to GDP (Han et al,
1998) in a manner similar to the kinetic property
seen in hGBP2 and chicken GBP (Schwemmie et al.,
1996; Neun et al,, 1996). In contrast, hGBP1 apparently
hydrolyzes GTP predominantly to GMP (Schwemmle
et al, 1994). Both GBP1 and GBP2 have at their car-
boxyl termini an isoprenylation/methylation modification
motif, CAAX, at which posttranslational modification
promotes the ability of proteins to associate with their
target components (e.g., plasma membranes) (Clarke,
1992; Marshall et a/, 1993). Both hGBP1 and rat p67
GBP have been reported to be isoprenylated and
focalized in the plasma membranes (Asundi et af,
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1994; Schwemmle et al., 1994). In contrast, we have
found that mGBP3 lacks the CAAX motif at its
carboxy! terminus and appears to be mainly localized
to the cytosol of cells (Han et al, 1998), suggesting
the differential function of mGBP3. However, the exact
physiological role of GBPs remains to be elucidated.
The activation of macrophage results in enormous
production of cytokines and other inflammatory me-
diators including interleukin-1 (IL-1), IL-6, tumor necrosis
factor-o. (TNF-or), prostanoids, leukotrienes, and nitric
oxide (NO) (Reimann et al., 1994; Novogrodsky et al.,
1994; Adams et al., 1984). These factors have been
implicated in mediating cytolytic activity of macro-
phages to lyse tumor cells and microorganisms (Fidler
et al.,, 1988; Fidler, 1985). In addition, NO is believe
to cause apoptosis of the activated macrophages
(Mefmer et al., 1996). IFN-y and lipopolysaccharide
(LPS) are major macrophage activating factors. They
are similar but different in other respects related to
the macrophage activation. For example, IFN-y binding
to the cell surface results in an activation of protein
tyrosine kinases (PTK) such as JAK1 and JAK2, followed
by phosphorylation of transcription factors, STATI.
The phosphorylated STAT1 is translocated to the nucleus
and in turn activates gene transcription (Briken et al.,
1995; Foster, 1997; Shuai et a/, 1992; Harada et al,
1994). On the other hand, LPS forms a complex with
the cell-surface protein CD14, a glycophosphati-
dylinositol-anchored protein, which is necessary for
the initiation of the intracellular signal transduction. It
is well established that protein kinase C (PKC) plays a
crucial role in the modulation of NO production and
the subsequent induction of apoptosis in macrophages
treated with LPS (Harada et a/, 1994; Barber et al,,
1995; Fujihara et al, 1994; Nonaka et al, 1998). In
addition, upon stimulation of macrophages with LPS
results in phosphorylation of a variety of cellular proteins
including src-related tyrosine kinases, G-proteins, and
mitogen-activated protein (MAP) kinases (Reimann et
al, 1994; Novogrodsky et al, 1994; Barber et af.,
1995; Dong et al, 1993; Schroeder et al, 1997;
Sands et al, 1994). It is now evident that IFN-y and
LPS elicit the activation of distinct intracellular signal
transduction pathways, which converge on the down-
stream in the modulation of macrophage activation
and apoptosis. Thus, the identification of convergent
downstream signaling molecules commonly shared
by IFN-y and LPS activation are of particular interest.
In this paper, the regulation of mGBP3 expression
was determined during macrophage activation. The
mGBP3 expression was rapidly induced without re-
quiring protein synthesis in RAW264.7 cells by either
IFN-y or LPS. A nonselective PKC inhibitor staurosporine
inhibited the mGBP3 expression by LPS but not by
IFN-y, suggesting that IFN-y and LPS induced the
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mGBP3 expression through different signal transduction
pathways.

MATERIALS AND METHODS

Materials

Recombinant mouse interferon-y, LPS (Escherichia
coli serotype 0127:B8), and cycloheximide were pur-
chased from Sigma (St. Louis, Missouri, U.S.A.).
Staurosporine and AG490 were obtained from Calbio-
chem (La Jolla, California, U.S.A.). Rabbit polyclonal
anti-mGBP3 peptide antibody was raised against mGBP3
peptide residue 513-541 as described previously (Han
et al., 1998) and purified by affinity chromatography.

Cell culture

The mouse macrophage cell line RAW264.7 was
cultured in RPM! 1640 medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 ug/
ml streptomycin, and 100 U/ml penicillin in an
atmosphere of 5% CO,. RAW264.7 cells at 5x 10°
cells in 60-mm plates were plated a day before the
experiments. Cells were then treated with the fresh
culture medium containing macrophage activators and
inhibitors as described below. After incubation, cells
were washed with PBS, harvested, and lysed for trans-
cript and protein analysis '

Reverse transcriptase-polymerase chain reaction (RT-
PCR)

Expression levels of mGBP3 and B-actin transcripts
were determined by RT-PCR as described previously
(Han et al., 1998). Briefly, two micrograms of total
RNA isolated from RAW264.7 cells were reverse
transcribed for 1 h at 37°C with random primers. PCR
amplification was performed for 25 cycles with the
following parameters: 94°C for 45 sec, 56°C 1 min,
and 72°C for 1.5 min. Primers used for PCR were as
follows: for mGBP3, 5'TGGAGGCACCCATTTGTCTG-
GTG-3' and 5'GACAAAGGTGCTGCTCAGAAGCACAG-
3'; for B-actin, 5'TCCTATGTGGGTGACGAGGC-3' and
5'-CATGGCTGGGGTGTTGAAGG-3'. The PCR products
were separated by electrophoresis in 1.5% agarose
gels and visualized by ethidium bromide staining.

Western blot

RAW264.7 cells were cultured for various time
points as indicated. Cells were harvested in lysis
buffer (10 mM Tris-HCI, pH 7.4, 5 mM MgCl,, and 2
mM EDTA) containing 2 mM PMSF and Protease
Inhibitor Cocktail (Boehringer Mannheim, Indiana Polis,
Indiana, U.S.A.). Protein samples were prepared by
sonication for 6 sec and centrifuge at 10,000x g for
10 min. Protein concentration was determined by a
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coomassie protein assay kit (Pierce, Rackford, Illinois,
U.S.A). Protein samples (50 ug/lane) were separated
by sodium dodecy! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to nitrocellulose
membrane, and preincubated with TTBS (20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 80)
containing 5% dry milk. The blocked membrane was
subsequently incubated with rabbit polyclonal anti-
mGBP3 antibody (2 ug/ml), peroxidase-conjugated goat
anti-rabbit 1gG, and then visualized with an enhanced
chemiluminescence system (Pierce).

Nitrite assay

Nitrate and nitrite concentration of the culture su-
pernatants was determined as described (Green et al.,
1982). Briefly, an equal volume of 1% sulfonilamide
in 5% H;PO, was mixed with 0.1% n-1-naphthyle-
thylenediamine before use. The culture supernatants
(50 pliwell) were mixed with an equal volume of the
reagent in 96-well plates and incubated at room
temperature for 10 min. Absorbance was determined
at 540 nm with a microplate reader. Sodium nitrite
was used to obtain a standard curve.

RESULTS AND DISCUSSION

mGBP3 expression in RWA264.7 cells induced by
IFN-y or LPS

We have previously demonstrated that mGBP3 is
inducible in RAW264.7 cells in response to IFN-y (Han
et al., 1998). In the present study, we explored further
the regulation of mGBP3 expression during macro-
phage activation. Since RAW264.7 cells are known to
be activated by IFN-y and LPS, we determined whether

mGBP3
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Fig. 1. Dose response of mGBP3 transcript induction in
RAW?264.7 cells. RAW264.7 cells were incubated for 4 h
in medium only (con), or with IFN-¥ (0.1, 1, 10, or 100 U/
ml), or LPS (1, 10, 100, or 1000 ng/ml). After incubation,
cells were washed with PBS and harvested in cell lysis buffer
for RNA extraction. Total RNA samples were reverse tran-
scribed and ampilified for 25 cycles by PCR as described in
Materials and Methods. PCR products were separated by
electrophoresis in 1.5% agarose gels and stained with ethidium
bromide. Upper panel B-actin transcript, lower panel. mGBP3
transcript. Data are representative of two similar experiments.
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both factors could induce mGBP3 expression. RAW264.7
cells were treated with various concentrations of either
IFN-y or LPS for 4 h, and expression levels of mGBP3
transcript were analyzed by RT-PCR method as de-
scribed previously (Han et al., 1998). As shown in Fig.
1, expression level of the constitutively expressed -
actin transcript was similar in all RNA preparations,
indicating that an equal amount of total RNA per
sample was used in RT-PCR. In keeping with previous
results (Han et al, 1998), the expression of mGBP3
transcript was undetectable in unstimulated macro-
phages. However, the mGBP3 transcript expression
was induced in a dose dependent manner in macro-
phages stimulated with IFN-y or LPS. The induction of
mGBP3 transcript was saturated when cells were
treated with 100 U/ml IFN-y or 100 ng/ml LPS. Thus,
the mGBP3 gene expression can be induced in macro-
phages by LPS as well as IFN-y.

Kinetics of mGBP3 expression during macrophage ac-
tivation

To examine kinetics of the mGBP3 expression
during macrophage activation, RAW264.7 cells were
treated with IFN-y or LPS for various time points.
Cells were then harvested for the analysis of the
expression levels of mGBP3 transcript and protein.
When cells were treated with IFN-y the expression
level of mGBP3 transcript steadily increased to a
maximum at 4 h and then remained about the same
levels for at least 24 h of culture (Fig. 2). To determine
the protein expression levels of mGBP3, protein samples
were analyzed by SDS-PAGE and Western blotting
using the polyclonal anti-mGBP3 antibody (Fig. 2). In

mGBP3
transcript

protein
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Fig. 2. Time course of mGBP3 transcript expression in IFN-
v-stimulated RAW264.7 cells. RAW264.7 cells were cul-
tured in medium containing 100 U/mi IFN-y. After in-
cubation for a number of time points as indicated, cells
were harvested for analysis. 7op panel: RT-PCR analysis of
B-actin transcript expression; middle panel: RT-PCR analysis
of mGBP3 transcript expression, bottom panel: Western blot
analysis of mGBP3 protein expression. Protein samples (50 ng/
lane) were separated by SDS-PAGE and immunoblot using po-
lyclonal anti-mGBP3 peptide antibody. Data are represen-
tative of two similar experiments.
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agreement with the previous results (Han et a/., 1998),
the polyclonal anti-mGBP3 antibody detected an
approximately 70-kDa protein corresponding to the
expected molecular weight of mGBP3. The mGBP3
protein expression remained at an almost undetectable
level until 2 h after IFN-y treatment and then increased
greatly between 6 and 9 h. lis expression levels were
then sustained at plateau for at least 24 h after macro-
phage activation in response to IFN-y. Similar results
were obtained when macrophages were stimulated
with LPS as shown in Fig. 3. These data indicated
that the induction of mGBP3 expression resulted in a
delayed but prolonged maintenance of the protein
during macrophage activation by [FN-y or LPS. The
rat p67 GBP is also shown to be induced in a similar
fashion in rat bone marrow-derived macrophages sti-
mulated with IFN-y or LPS (Vestal et al, 1996). In
contrast, we have previously reported that the mGBP3
transcript expression is transiently induced and almost
undetectable 12 h after the culture of erythroid pro-
genitors treated with erythropoietin (Han er al, 1998).
We suspected that protein synthesis is required in
macrophages for the mGBP3 induction by either IFN-
v or LPS. For example, the expression of interferon-
regulatory factor-1 (IRF-1) is shown to be required for
the induction of hGBP1 gene in fibroblasts (Nicolet et al,
1994). We observed that in RAW264.7 cells, IRF-1
transcript was almost undetectable in unstimulated cells,
but readily induced by IFN-y or LPS with a time course
similar to that of mGBP3 expression (data not shown).
Moreover, the protein synthesis inhibitor cycloheximide
had no effect on the mGBP3 induction by either IFN-
y or LPS as shown Fig. 4. These data suggest that

B-actin
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transcript

protein

P .

time(h) 0 1 2 4 6 9 12 24

Fig. 3. Time course of mGBP3 transcript expression in LPS-
stimulated RAW264.7 cells. RAW264.7 cells were cultured
in medium containing 1 ug/ml LPS. After incubation for a
number of time points as indicated, cells were harvested for
analysis. Top panel: RT-PCR analysis of B-actin transcript ex-
pression; middle panel: RT-PCR analysis of mGBP3 transcript
expression, bottorn panel: Western blot analysis of mGBP3
protein expression. Protein samples (50 ugflane) were separated
by SDS-PAGE and immuncblot using polyclonal anti-mGBP3
peptide antibody. Data are representative of two similar ex-
periments.
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Fig. 4. Effect of cycloheximide on mGBP3 gene induction
in RAW264.7 cells. RAW264.7 cells were treated with
medium only, or with 100 U/ml IFN-y, or 1 pg/ml LPS in
the presence or absence of 10 pg/ml cycloheximide. Ex-
pression of B-actin (upper panel and mGBP3 (lower panel
transcripts was analyzed by RT-PCR as described in Fig. 1.

mGBP3 is indeed an immediate-early gene of which
induction does not require further protein synthesis.

Regulation of mGBP3 expression by PKC signal trans-
duction

Fig. 5A shows effect of staurosporine and AG490
on the mGBP3 expression. The mGBP3 protein ex-
pression was undetectable in unstimulated cells,
whereas it was markedly expressed in cells treated
with IFN-y or LPS as also seen Fig. 1. The nonspecific
PKC inhibitor staurosporine at a concentration of 50
nM completely abolished the LPS-induced but not
[FN-y-induced mGBP3 expression. To determine the
inhibitory effects of the protein kinase inhibitors on
macrophage activation, NO production as a marker
for macrophage activation in culture medium was
also assayed (Fig. 5B). In keeping with previous
results (Schroeder et al, 1997; jun et al, 1994), NO
production was significantly increased in macrophages
treated with IFN-y or LPS. Staurosporine inhibited the
NO production induced by LPS by 51+1%. These
findings indicated that the LPS-induced NO production
and mGBP3 expression were more susceptible to stauro-
sporine compared with IFN-y. Furthermore, staurosporine
at a higher concentration (1 uM) completely inhibited
the NO production as well as mGBP3 expression
induced by IFN-y or LPS (data not shown). These data
suggest that staurosporine-sensitive PKC signaling path-
ways may be, in part, involved in the induction of
mGBP3 expression. However, since multiple isoforms
of PKC exist and staurosporine is a nonselective PKC
inhibitor, further study is required to clarify PKC isoforms
responsible for the mGBP3 induction.

To explore the involvement of PTK signal trans-
duction pathway in mGBP3 induction, we used the
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Fig. 5. Effect of staurosporine and AG490 on the mGBP3 ex-
pression in RAW264.7 cells. RAW264.7 cells at 1x 107 cells
in 60-mm plates were plated 18 h before activation. Cells
were incubated with medium only, or with 100 U/ml IFN-y,
or 1 pg/ml LPS in the presence of protein kinases inhibitors
indicated for 24 h. The inhibitors used were 50 nM stau-
rosporine (Staur.) and 50 uM AG490. (A) Western blot analysis
of mGBP3 expression. After incubation, cells were harvested
and protein samples (50 pg/lane) were analyzed by SDS-PAGE
and Western blotting using anti-mGBP3 antibody. (B) Nitrite
assay. Nitrite concentration in the culture supernatants was as-
sayed as described in Materials and Methods. Data indicate
mean = SD of two experiments in duplicated samples.

selective PTK inhibitor, tyrphostin AG490. It has
previously been shown that AG490 selectively blocks
JAK2 activity and causes a retardation of leukemic
cell growth by inducing apoptosis (Wynn et al,
1991). In RAW264.7 cells, the treatment with AG490
at a concentration of 50 UM resulted in an inhibition
of NO production induced by IFN-y and LPS by 39+
1% and 25+5%, respectively (Fig. 5B). However, AG
490 at a concentration of 50 UM had no significant
inhibitory effect on the IFN-y- or LPS-induced mGBP3
expression (Fig. 5A). These data indicate that the signal
transduction through JAK is necessary for the NO pro-
duction, whereas the induction of mGBP3 expression
is apparently independent on the JAK-activated pathway.
Although a growing number of GBP proteins have
been identified thus far, the physiological function of
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these proteins remains to be elucidated. However,
it has been shown that GBPs is implicated in the
macrophage activation. All GBPs identified to date are
IFN-y inducible. The induction of mGBP1 expression is
correlated with the cytolytic capability in macrophages.
For example, mGBP1 is able to be induced by IFN-y
and LPS in the cytolytic macrophages RAW264.7, but
not in the non-cytolytic cell line WEHI-3 (Wynn ef
al, 1991; Jun et al., 1994). In addition, GTP-binding
proteins are involved in regulation of a variety of
fundamental cellular functions including signal trans-
duction, protein synthesis, protein targeting, antiviral
activity, and cell motility (Dickey et al, 1993). It is
conceivable that overexpression of IFN-yinducible GTP-
binding proteins such as GBP family proteins may
function by altering the intracellular GTP utility com-
petitively with other GTP-binding proteins. Further
studies on the molecular mechanisms at which GBPs
exert their function to mediate actions of IFN-y and
LPS would be necessary.

In summary, the present study demonstrates that
mGBP3 is an immediate-early gene in response to IFN-
vy as well as LPS. Multiple signal transduction pathways,
including at least staurosporine-sensitive PKC, appear
to be involved in the intracellular signaling cascades
jeading to mGBP3 expression upon macrophage sti-
mulation.
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