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ABSTRACT

Complement component C3, the central player in the complement cascade and the pro-inflammatory cytokine IL-1( is expressed by activated
glial cells and may contribute to neurodegeneration. This study examines the regulation of the expression of C3 by IL-1{ in astroglial cells
focusing on the role of the upstream kinase MKK6, p38-a MAPK, and C/EBP-B isoforms (LAP1, LAP2, or LIP) in astroglial cells. Activation of
human astroglial cell line, U373 with IL-1, led to the induction of C3 mRNA and protein expression as determined by real-time RT-PCR and
Western blot analysis, respectively. This induction was suppressed by the pharmacological inhibitor of p38 MAPK (i.e., SB202190-HCl),
suggesting the involvement of p38 MAPK in C3 gene expression. IL-1 also induced C3 promoter activity in U373 cells in a MAP kinase- and
C/EBP-B-dependent manner. Cotransfection of C3 luciferase reporter construct with constitutively active form of the upstream kinase in the
MAP kinase cascade, that is, MKK6 (the immediate upstream activator of p38 kinase) resulted in marked stimulation of the promoter activity,
whereas overexpression of a dominant negative forms of MKK6 and p38a MAPK inhibited C3 promoter activity. Furthermore, a mutant form
of C/EBP-B, LAP™**” showed reduction in IL-1B-mediated C3 promoter activation. These results suggest that the p38a, MAPK, and MKK6 play

prominent roles in IL- 18 and C/EBP-B-mediated C3 gene expression in astrocytes. J. Cell. Biochem. 112:1168-1175,2011. © 2011 Wiley-Liss, Inc.
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T he pro-inflammatory cytokine, interleukin-18 (IL-1B) is
one of the most potent and best-characterized signals that
trigger astrocyte activation in most neurodegenerative diseases
[Simi et al., 2007]. Astrocytes, the predominant glial cells in
the brain [Aldskogius and Kozlova, 1998] are known to play an
important role in modulating neuroimmune processes and likely
play a protective role in limiting injury that are triggered in most
neurodegenerative disease [Escartin and Bonvento, 2008]. In the
context of HIV-1 infection of the CNS, studies demonstrate that IL-
1B expression is increased in infiltrating macrophages, microglia,
and astrocytes [Zhao et al., 2001; Xing et al., 2009].

The complement component C3 that plays a central role in the
activation of complement system is also induced in most
neurodegenerative diseases [see reviews, Bonifati and Kishore,
2007; Yanamadala and Friedlander, 2010]. Its activation is required
for both classical and alternative complement activation pathways
[see reviews, Datta and Rappaport, 2006; Lambris et al., 2008].
Inflammatory cytokines such as IL-1f, interferon-y, and TNF-a
are known to induce expression of several complement components

including C3 in astrocytes [Barnum et al., 1992, 1993; Gasque et al.,
1992; Rus et al., 1992; Maranto et al., 2008]. HIV-1 and HIV-1
proteins gp41 and Nef up-regulate the synthesis of complement
factor C3 in astrocytes and neurons [Speth et al., 2001, 2002; Bruder
et al., 2004]. SIV infection of the CNS in rhesus macaques also
induces synthesis of C3 in infiltrating macrophages, astrocytes,
and neurons [Speth et al., 2004]. Complement expression and
activation in the brain is postulated to play both neuroprotective and
neurodegenerative roles [Bonifati and Kishore, 2007; Yanamadala
and Friedlander, 2010].

We have demonstrated by electrophoretic mobility shift assay
and transient transfection assay that IL-1@ regulates C3 promoter
expression through the activation of C/EBP in a p38 MAPK-
dependent manner in astrocytic cells [Maranto et al., 2008].
However, the role of different isoforms of C/EBP-B, the kinase
upstream of p38 MAPK, that is, MKK6 and role of C/EBP-
phosphorylation in regulation of C3 gene remains to be elucidated.
C/EBP-B, a member of the bZIP family of transcription factors is
expressed in mammalian cells as three alternate translation products
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[Nerlov, 2007], 49 and 45kDa proteins in human cells termed as
LAP1 and LAP2 (liver-enriched activating protein), respectively, and
a 20kDa protein known as LIP (liver-enriched inhibitory protein)
[Eaton et al., 2001]. The N-terminal region of LAP corresponds to the
transactivation domain, whereas LIP lacks this transactivation
domain and acts as an inhibitor of transcription [Eaton et al., 2001].
Studies have demonstrated that phosphorylation of C/EBP-f can
modulate its DNA-binding activity or alter its transactivation
potential [Wegner et al., 1992; Nakajima et al., 1993; Trautwein
et al., 1994; Chinery et al., 1997; Buck et al., 1999; Piwien-Pilipuk
et al., 2001; Aouadi et al., 2007].

In this study, we have investigated the role of p38-a MAPK in
IL-1B-mediated regulation of the endogenous C3 gene, and further
elucidated the role of MKK6 and the different isoforms of C/EBP-3
(LAP1, LAP2, or LIP), and C/EBP-B phosphorylation in IL-1B-
mediated induction of C3 promoter activity in astrocytic cells.

MATERIALS

p38 MAPK inhibitor, 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-
(4-pyridyl) 1H-imidazole-HCl (SB202190.HCl) and recombinant
human IL-13 were purchased from EMD BioSciences (San Diego,
CA) and R&D Systems Inc. (Minneapolis, MN), respectively. Precast
4-20% gradient SDS-PAGE were obtained from Lonza (Walkers-
ville, MD). Phospho-specific and total p38MAPK antibodies were
purchased from Cell Signaling Technology (Danver, MA) and C3
antibody (H-300) from Santa Cruz Biotechnology (Santa Cruz, CA).

CELL CULTURE

Human astrocytic cell line U373-MG were maintained as monolayer
cultures in a humidified 5% CO, atmosphere at 37°C in Dulbecco’s
minimal essential medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Invitrogen), 20 U/ml penicillin, and
20 pg/ml of streptomycin.

EXPRESSION VECTORS AND REPORTER CONSTRUCTS
Expression vectors for C/EBP B isoforms (LAP1, LAP2) and LIP
(amino acids 199-345) [Kukimoto et al., 2006] were kindly provided
by Dr. I. Kukimoto (National Institute of Infectious Disease, Tokyo,
Japan). The expression vectors for MKK6b (wild-type), MKK6b(E)
(a constitutively active mutant of MKK6b in which serine*’ and
threonine!! are replaced with glutamic acid), and MKK6b(A) (a
dominant negative mutant of MKK6b in which lysine®? is replaced
with alanine) [Huang et al., 1997] were kindly provided by Dr. J. Han
(The Scripps Research Institute, LaJolla, CA). The expression vector
for p38a MAPK (AF) (a double mutant in which threonine'®® and
tyrosine'?® are substituted with phenylalanine) [Enslen et al., 1998]
were kindly provided by Dr. Roger Davies (U Mass, Worcester, MA).
Plasmids-encoding hLAP (also known as NF-IL-6) and a mutant
hLAP where Thr235 was mutated to Ala (WLAP-T235A) [Nakajima
et al., 1993] were kindly provided by Dr. S. Akira [Osaka University,
Japan courtesy of J. Schwartz, University of Michigan, Ann Arbor,
MI].

The C3 reporter plasmid contains the —1030 to +58 region of the
C3 promoter cloned upstream of the luciferase reporter gene in pGL3

vector (Promega, Madison, WI) as described previously [Maranto
et al., 2008].

QUANTITATIVE REAL-TIME PCR (qRT-PCR)

Total RNA was isolated from U373 cells using Trizol reagent as per
manufacturer’s instruction (Invitrogen). cDNA was generated from
1 pg total RNA using the Qiagen RT-PCR kit (Qiagen, Valencia, CA)
in a 25l final reaction volume. Real-time PCR reactions were
performed in triplicate using 1/10 of each ¢cDNA, 1 uM of forward
and reverse primer, and 1x QuantiFast SYBR Green Mix for real-
time PCR (Qiagen) in 25 pl volume in Roche Optical 96-well plates
(Roche Applied Science, Indianapolis, IN). PCR reactions were run in
a Roche Light Cycler 480 machine and SDS v2.2 software was
used to analyze results by the comparative C; method (AAC).
Relative levels of C3 mRNA were quantified after normalization with
corresponding levels of B-actin mRNA.

PROTEIN LYSATE PREPARATION AND WESTERN BLOT ANALYSIS
Cell lysates were prepared using M-PER mammalian protein
extraction reagent in presence of HALT phosphatase and protease
inhibitor as per manufacturer’s instruction (Thermo Scientific,
Rockland, IL). Protein concentration in lysates was determined using
BCA reagent (Thermo Scientific) and stored at —70°C until use. Cell
lysates containing equal amounts of protein were electrophoresed
on 4-20% SDS-PAGE and transferred to PVDF membranes. The
membranes were then processed using the Fast Western Blot,
SuperSignal West Femto kit (Thermo Scientific). Blots were
incubated with primary antibodies against phospho-specific and
total p38MAPK antibodies, and C3 antibody diluted in antibody
dilution buffer at appropriate dilutions and then incubated with HRP
conjugated secondary antibodies. Membranes were washed three
times in fast blot wash buffer for 10 min each before the detection of
the bands using Super Signal West Femto chemiluminescent
substrate (Thermo Scientific).

TRANSIENT TRANSFECTION, PROTEIN ESTIMATION, AND
LUCIFERASE ASSAY

For transient transfection experiments U373-MG cells were seeded
at a density of 2x 10° cells in six-well plate a day before
transfection. Transfections were performed with 2 ng of reporter
plasmid and indicated amounts of the relevant expression vector or
corresponding empty vector using Superfect transfection reagent as
per manufacturer’s protocol (Qiagen). After 3h, the cells were
washed with phosphate-buffered saline and replaced with DMEM
containing 10% FBS. In experiments assessing effects of IL-1f3, cells
were treated with IL-18 (10ng/ml) 24 h post-transfection. After
48N, cells were lysed in 1x reporter lysis buffer (Promega) and
extracts were prepared for luciferase reporter assay [Maranto et al.,
2008]. Protein concentration in lysates was determined using BCA
reagent (Pierce, Rockland, IL). Luciferase activity was assessed using
luciferase assay system (Promega) and relative light unit was
measured using a FB12 Luminometer (Zylux, Oak Ridge, TN). Data
are representative for at least three independent experiments and are
expressed as fold increase in RLU/ug of protein, which was
calculated relative to basal level of C3 promoter activity (set to 1)
and corrected for empty vector effects for each expression vector.
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STATISTICAL ANALYSES

Results are mean=+SEM of three independent experiments.
Student’s t-test was used for statistical analysis and P < 0.05 was
considered statistically significant.

IL-13 INDUCES C3 GENE EXPRESSION IN U373 CELLS IN A p38
MAPK-DEPENDENT MANNER
We first determined whether the inflammatory cytokine IL-1j3
stimulated C3 gene expression in the U373 astrocytoma cell line.
With the availability of specific inhibitors such as SB202190.HCl
which selectively inhibits p38MAPK «- and B-isoforms [Lee et al.,
1994], it is possible to investigate the isoform of p38 MAPK that
plays a role in IL-1B-mediated C3 gene regulation.

Using quantitative real-time RT-PCR, we demonstrate that IL-13
treatment induces C3 expression by ~15-fold in comparison to
untreated cells; and inhibition of p38-a MAPK attenuated the
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expression of IL-13-mediated C3 expression by 50% in comparison
to IL-1B alone treated cells (Fig. 1A). The relative amounts of
C3 mRNA in SB202190-HCI alone treated cells remained unaltered
in comparison to the untreated cells (Fig. 1A).

In order to validate the role of p38 MAPK in IL-1B-mediated
alterations in C3 expression we also determined the activation of
p38 by Western blot analysis in untreated astrocytic cells, in
cells treated with IL-1B for 30min, and in cells pretreated
with SB202190-HCl (10 wM) and then treated with IL-1B. p38
MAPK activation (phosphorylation) was detected using a phospho-
specific p38 MAPK antibody that recognizes p38 dually phos-
phorylated at threonine 180 and tyrosine 182. In order to control
for cytokine-induced changes in p38 kinase, total p38 MAPK
expression was also examined in parallel blot. Treatment with IL-13
or the p38 inhibitor SB202190-HCI (alone or in combination) had
no effect on total p38 MAPK expression (Fig. 1B). However, IL-13
alone caused significant increase (~6.5-fold) in p38 MAPK
phosphorylation over basal level (lanes 3 and 4), which was

IL-1b IL-1b+$B202190

TS _5 Phospho-p38

Fig. 1.

The effect of p38 MAPK inhibitor on IL-13-mediated C3 gene induction in U373 cells. A: Role of p38 MAPK in C3 mRNA regulation in IL-13-treated cells. U373 cells

were either cultured without addition (control) or were pretreated with 10 wM of SB202190-HCI for 30 min alone or were pretreated with 10 .M of SB202190-HCI for 30 min
and then treated with IL-13 (10 ng/ml) or treated with IL-13 (10 ng/ml) alone for 4 h. Total RNA was prepared, followed by RT-PCR and real-time PCR for C3 mRNA. Each sample
was normalized for the corresponding values of B-actin mRNA as control. Relative quantification of the C3 mRNAs was calculated using the Roche analysis software (based on
the 2nd derivative maximum; Roche, Indianapolis, IN). B: Role of IL-1( on p38 MAPK phosphorylation. U373 cells were either cultured without addition (control, lane 1) or were
pretreated with 10 wM of SB202190-HCI for 30 min alone (lane 2), or treated with IL-18 (10 ng/ml) alone for 30 min (lanes 3 and 4), or were pretreated with 10 wM of
SB202190-HCI for 30 min and then treated with IL-18 (10 ng/ml, lanes 5 and 6). Protein lysates were prepared and levels of phosphorylated p38 and total p38 were determined
by Western blot analysis using phospho-p38 and total p38 antibodies (Cell Signaling Technology). C: Role of p38 MAPK in C3 protein expression in IL-13-treated cells. U373
cells were either cultured without addition (control, lane 1); treated with IL-1B (10 ng/ml) alone (lane 2); pretreated with 10 wM of SB202190-HCI for 30 min alone (lane 3);
pretreated with 10 .M of SB202190-HCI for 30 min, and then treated with IL-18 (10 ng/ml) (lane 4). Protein lysates were prepared 24 h post-treatment with IL-13, followed by
Western blot analysis using C3 antibody. The membranes were probed with Grb2 antibody as loading control. The experiments were repeated twice. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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attenuated by pretreatment with SB202190-HCl (Fig. 1B, lanes 5
and 6).

Western blot analysis of C3 expression in astrocytic cells
demonstrate that IL-1p treatment induces C3 protein expression
significantly in comparison to untreated cells wherein C3 expression
is undetectable; and inhibition of p38-a MAPK attenuated the
expression of IL-1B-mediated C3 expression by 50% in comparison
to IL-1B alone treated cells (Fig. 1C).

Taken together, these experiments provide strong evidence for a
role of IL-1B and p38 MAPK in C3 expression and supports our
earlier observations that transfection of astrocytic cells with
dominant negative p38-a MAPK inhibits IL-1B3-mediated C3
promoter activation [Maranto et al., 2008].

IL-1B-MEDIATED C3 INDUCTION IS ATTENUATED BY DOMINANT
NEGATIVE MKK6b(A) MUTANT AND INDUCED BY CONSTITUTIVELY
ACTIVE MKK6b (E) MUTANT

To elucidate the role of the upstream kinase of p38 MAPK in IL-1B-
mediated C3 promoter activation, we examined the effects of
previously characterized MKK6b expression constructs to modulate,
either positively or negatively, the endogenous p38 MAPK activity.
In several cell systems, p38MAPK activity can be stimulated by
co-expression of p38 MAPK with MKK6éb or by expression of
the constitutively active mutant MKK6b(E) (Ser’®” and Thr?'!
replaced with Glu) [Han et al., 1996; Huang et al.,, 1997]. The
results illustrated in Figure 2 demonstrate that IL-1 induced the C3
promoter by 15-fold while the constitutively active MKK6b(E)
isoform almost doubled the fold stimulation by IL-13. Conversely,
the dominant negative mutant MKK6b(A) inhibited IL-1B-mediated
C3 promoter induction. These observations taken together demon-
strate that MKK6 is an upstream kinase that regulates IL-1B-
mediated C3 gene induction.
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Fig. 2. Role of MKK6b in IL-1B-mediated C3 promoter activation. Fold
induction of C3 promoter activity in U373 cells transiently co-transfected
with C3/Luc reporter vector and 1 g of empty expression vector or expression
vector for MKK6b(A) or MKK6b(E) and then treated 24 h post-transfection
with IL-18 (10 ng/ml). Cells were harvested 48 h post-transfection to assess
luciferase activity. RLU/s was normalized to protein concentration and
expressed as fold induction wherein the activity in C3/Luc alone transfected
cells is set at 1. Statistical significance (*P < 0.05 between control and IL-13-
treated cells; “*P< 0.05 between IL-1p alone treated cells and IL-1B-treated
MKKG6(E) transfected cells) was analyzed by Student's t-test.

C/EBP-$ ISOFORMS LAP1 AND LAP2 TRANSACTIVATE C3
PROMOTER IN ASTROCYTES

Our earlier studies [Maranto et al., 2008] also demonstrated that C/
EBP-B was a component of the DNA-protein interaction that
occurred at the bZIP1/bZIP2 site [Juan et al., 1993], and C/EBP-
isoform LAP induced both versions of the C3 promoters, the full
length (—1030 to +58) and minimal promoter (—199 to +1)
constructs harboring the C/EBP-binding site. C/EBP-3, a member of
the bZIP family of transcription factors, is expressed in mammalian
cells as three alternate translation products [Nerlov, 2007], 49 and
45kDa proteins in human cells known as LAP1 and LAP2,
respectively, and a 20kDa protein known as LIP [Eaton et al.,
2001]. We assessed the effects of all three isoforms on C3 gene
induction in these studies. To assess the role of different C/EBP-
isoforms in C3 promoter activation, U373 cells were co-transfected
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Fig. 3. Role of C/EBP-B isoforms in C3 promoter activation. A: Schematic
representation of the three isoforms of C/EBP-B generated as a result of
alternate translation. B: Fold induction of C3 promoter activity in U373 cells
transiently co-transfected with C3/Luc reporter vector and 1pg of empty
expression vector or expression vector for C/EBP-B1 (LAP1) or C/EBP-32
(LAP2) or LIP. Cells were harvested 48 h post-transfection to assess luciferase
activity. RLU/s was normalized to protein concentration and expressed as fold
induction wherein the activity in C3/Luc alone transfected cells is set at 1.
Statistical significance (P < 0.05 between C3/Luc alone and C3/Luc plus LAP1
transfected cells; **P< 0.05 between C3/Luc alone and C3/Luc plus LAP2
transfected cells) was analyzed by Student's t-test.
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Fig. 4. Role of p38-a MAPK in C/EBP-B-mediated C3 promoter activation.
Fold induction of C3 promoter activity in U373 cells transiently co-transfected
with C3/Luc reporter vector and 1 g of empty expression vector or expression
vector for (LAP2) and p38-a mutant (AF) or treated with p-38 MAPK inhibitor,
SB202190-HCI (10 wM) 24 h after transfection. Cells were harvested 48 h
post-transfection to assess luciferase activity. RLU/s was normalized to protein
concentration and expressed as fold induction wherein the activity in C3/Luc
alone transfected cells is set at 1. Statistical significance (P < 0.05 between
C3/Luc alone and C3/Luc plus LAP2 transfected cells) was analyzed by
Student's t-test.

with C3/Luc (C3 promoter region —1030 to +58) promoter
construct and expression vectors coding for C/EBP-B isoforms
(Fig. 3A) or empty vector. Overexpression of C/EBP-B isoforms,
LAP1 and LAP2 had a profound effect on the induction of C3
promoter activity in comparison to vector alone control (Fig. 3B). On
the contrary, LIP had no inducible effect on C3 promoter activation
(Fig. 3B).
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ROLE OF p38-« MAPK IN C/EBP-B-MEDIATED C3 PROMOTER
ACTIVATION

Using the strategy of ectopic expression of a dominant negative
kinase to investigate the role of MAP kinases in IL-1 signaling, we
demonstrated that transfection of astrocytic cells with dominant
negative p38-a MAPK inhibited IL-1B-mediated C3 promoter
activation [Maranto et al., 2008]. To test whether p38 MAPK is
involved in LAP2-mediated C3 promoter activation in astrocytes, we
examined the effects of inhibition of this kinase by using a specific
inhibitor SB202190-HCI [Lee et al., 1994] and dominant negative
p38-a MAPK mutant (Thr'®® and Tyr'®? replaced with Ala and Phe,
AF). As shown in Figure 4, both SB202190-HCl and dominant
negative p38-a MAPK inhibited LAP2-mediated C3 promoter
activity. Taken together, these experiments provide strong evidence
for a role of p38-o« MAPK in LAP2-dependent C3 promoter
transactivation.

ROLE OF MKK6 IN C3 PROMOTER ACTIVATION BY LAP2

To investigate the role of p38 MAPK signaling pathway in the
regulation of C3 promoter activation by LAP2 more directly, we used
expression constructs of MKK6b to modulate either positively or
negatively the endogenous p38 MAPK activity. The results in
Figure 5 demonstrate that the constitutively active MKK6b(E)
isoform further induced LAP2-mediated induction. Conversely, the
dominant negative mutant MKK6b(A) inhibited the induction. These
observations taken together demonstrate that MKK6 is an upstream
kinase that regulates C/EBP-B-mediated C3 gene induction.

ROLE OF C/EBP- PHOSPHORYLATION IN C3 PROMOTER
ACTIVATION

It has been postulated that C/EBP-B contains negative regulatory
regions, and that phosphorylation(s) within these domains may

%%k

Fig. 5. Role of MKK6b in LAP2-mediated C3 promoter activation. Fold induction of C3 promoter activity in U373 cells transiently co-transfected with C3/Luc reporter vector
and 1 pg of empty expression vector or expression vector for MKK6b(A) or MKK6b(E) and LAP2. Cells were harvested 48 h post-transfection to measure luciferase activity. RLU/s
was normalized to protein concentration and expressed as fold induction wherein the activity in C3/Luc alone transfected cells is set at 1. Statistical significance (*P< 0.05
between C3/Luc alone and C3/Luc plus LAP2 transfected cells; **P < 0.05 between C3/Luc plus MKK6b(E) alone and C3/Luc plus LAP2 and MKK6b(E) transfected cells) was

analyzed by Student's t-test.
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Fig. 6. Phosphorylation of C-EBP-f3 is essential for C3 promoter activation
by IL-1p. Relative luciferase activity in U373 cells transiently co-transfected
with C3/Luc reporter vector and 1 g of empty expression vector or expression
vector for wild-type LAP or mutant LAP™*°, Twenty-four hours post-trans-
fection cells were treated with IL-13 (10 ng/ml). Cells were harvested 48 h
post-transfection to assess for luciferase activity.

regulate C/EBP- function. Thus, C/EBP-f3 may be present in cells as
a repressed transcription factor that becomes activated upon
phosphorylation. Phosphorylation of Thr**® of human LAP has
been implicated to be a key determinant of its transactivation
capacity since the MAPK consensus site is highly conserved
throughout species, encompassing Thr'®® in murine LAP and the
homologous Thr**®> in human LAP [Nakajima et al., 1993]. We
therefore assessed whether IL-1B-mediated phosphorylation of LAP
at its MAPK consensus site is required for LAP to be transcriptionally
active. LAP or mutant LAPT?**# (Thr?*>® mutated to Ala) [Nakimura
et al., 1992] were coexpressed with a luciferase reporter gene driven
by the C3 promoter in U373 cells. Overexpression of mutant
LAP"2%*A decreased C3 promoter activity by 13-fold in comparison
to wild-type LAP expression (Fig. 6). Stimulation of cells transfected
with wild-type LAP by IL-1B treatment further activated C3
promoter activity by another 10-fold (Fig. 5). In contrast,
stimulation of C3 promoter activity in the presence of mutant
LAP™***A by IL-1B was similar to that of the wild-type LAP (Fig. 6).
These findings suggest that phosphorylation of LAP at Thr*** in the
MAPK consensus site is required for LAP to be transcriptionally
active in the context of the C3 promoter in response to IL-1f.

The precise signaling mechanisms whereby IL-1B activates
expression of C3 are not fully understood. The major and novel
findings of this study are: (1) IL-1f induces p38 MAPK
phosphorylation and C3 gene expression; (2) the proximal C3
promoter is differentially regulated by the C/EBP-B family of
transcription factors, C/EBP-B isoform LAP1 and LAP2 are positive
regulators while LIP is a negative regulator; (3) p38-o« MAPK plays a
significant role in both IL-13 and LAP2-mediated C3 promoter
activation; and (4) MKK6b is the upstream kinase that regulates both
IL-13 and LAP2-mediated C3 promoter activation.

The C/EBP family of transcription factors includes at least six
members namely C/EBP-«, -B, -, -8, -¢, and -{ [Ramji and Foka,
2002]. Our observations on the differential transactivation role of
the C/EBP-B isoforms in C3 promoter activation in astrocytic cells
are in agreement with earlier studies in hepatoma cell line in which it
was demonstrated that C/EBP-B isoform LAP2 transactivates C3
expression, while the full length isoform of C/EBP-$, LAP1 did not
1993]. Similar
observation was also reported in the context of cyclin D1 promoter
activation by C/EBPB-1 and -2 [Eaton et al., 2001]. The N-terminal
transactivation domain of C/EBP-B common to both C/EBPR-1
and -2 is known to interact with factors such as TBP, TFIIB, and
CBP/p300 [Nerlov and Ziff, 1995; Mink et al., 1997]. Although we do
not know which factor(s) C/EBPB-2 is interacting with to
transactivate the C3 promoter, it is possible that the additional
amino acids of C/EBPB-1 block this interaction, either sterically
or by interacting with another distinct set of factors such as the
SWI-SNF chromatin remodeling complex.

p38 MAPK belongs to a family of MAPKs and consists of four
isoforms in mammalian cells [Turjanski et al., 2007], and is primarily
activated by proinflammatory cytokines and cellular stress [Han et al.,
1994; Raingeaud et al., 1995; Minet et al., 2001; Zarubin and Han,
2005]. The dual specificity kinases that activate p38 MAPK are
MKK3 and MKK6 [Han et al., 1996, 1997; Enslen et al., 1998]. MKK6
functions as an upstream kinase for all p38 MAPK isoforms [Han et
al., 1997; Enslen et al, 1998]. With the availability of specific
inhibitors such as SB202190.HCl which selectively inhibits p38MAPK
a- and B-isoforms [Lee et al., 1994], it is possible to investigate the
isoform of p38 MAPK that plays a role in IL-18 and C/EBP-B-
mediated C3 gene regulation. Our studies utilizing this strategy
demonstrate that indeed p38-o MAPK plays a significant role in LAP
and IL-1B-mediated C3 gene induction. Both SB202190-HCl and
dominant negative p38-a MAPK inhibited C/EBP-B-mediated C3
promoter activity, while overexpression of dominant negative p38-«
MAPK inhibited IL-1B-mediated C3 promoter activation. The reduced
activation of C3 promoter by IL-1 in presence of SB202190-HCI and
dominant negative p38-a MAPK suggest that regions outside of
the C/EBP-binding site also play a role in C3 gene regulation.
Interestingly, the C3 promoter has also been shown to be regulated by
NF-kB in other cell types [Moon et al., 1999; Andoh et al., 2000].

Our studies demonstrating that dominant negative MKK6
(MKK6b(A) inhibits both IL-13 and LAP2-mediated C3 promoter
activation are in agreement with studies in fibroblast-like
synoviocytes wherein IL-1B-induced IL-8, IL-6, and matrix
metalloproteinase-3 protein production was significantly inhibited
in DN MKK6-transfected cells [Inoue et al., 2005]. The observation
that the constitutively active isoform of MKK6b induces both IL-13-
and LAP2-mediated C3 promoter activity are consistent with similar
observations in BV2 microglial cells, wherein IP10 promoter is
constitutively activated by overexpression of the constitutively
active isoform of MKK6b [Shen et al., 2006].

C/EBP-B contains phosphorylation sites for multiple protein
kinases (PK), including Ras-MAPK, p38 MAPK, calcium/calmodu-
lin-dependent PK, glycogen-synthase kinase 3 (GSK-3), PKA, PKC,
and p90 ribosomal S kinase (p90™) [Wegner et al., 1992; Nakajima
et al., 1993; Trautwein et al., 1994; Chinery et al., 1997; Buck et al.,

transactivate the C3 promoter [Juan et al,,
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Fig. 7. Model illustrating the mechanism of IL-13-mediated C3 gene reg-
ulation in astrocytes. Binding of IL-13 to its cognate receptor induces
phosphorylation of MKK6b which in turn activates p38-a MAPK. Phosphor-
ylation of p38-a MAPK activates C/EBP-B to induce transcription of C3
gene. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

1999; Piwien-Pilipuk et al., 2001; Aouadi et al., 2007]. Previous
studies have demonstrated that phosphorylation of C/EBP- can
modulate its DNA-binding activity or alter its transactivation
potential [Wegner et al., 1992; Nakajima et al., 1993; Trautwein
et al., 1994; Chinery et al., 1997; Buck et al., 1999; Piwien-Pilipuk
et al.,, 2001; Aouadi et al., 2007]. Our observation that wild-type
LAP2 activates C3 promoter and IL-1@3 further induces this
activation while the mutant isoform LAP™3** does not activate
(3 promoter activity suggests that phosphorylation of Thr**® is a
critical determinant for LAP2 interaction with its cognate
recognition sequence on C3 promoter.

Based on these observations, we propose a model where the
activation of MKK6b and p38a MAPK activity by IL-1f can further

activate C/EBP-B to result in sustained induction of C3 (Fig. 7).
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