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Abstract

Expression of ajantichymotrypsin (ACT) is significantly activated by IL-1 in human astrocytes;
however, it is barely affected by IL-1 in hepatocytes. This tissue-specific regulation depends upon
an enhancer which contains both NF-kB and AP-1 elements, and is also observed for an NF-xB
reporter but not for an AP-1 reporter. We found efficient activation of NF-xB binding in both cell
types; however, this binding was persistent in glial cells and only transient in hepatocytes. IL-1-
activated NF-xB complexes consisted of p65 and p50, with p65 transiently phosphorylated on
serine 536 in glial cells whereas more persistently in hepatic cells. Overexpression of p65 or
constitutively active IKKp resulted in an efficient activation of the ACT reporter in hepatic cells
indicating that a specific mechanism exists in these cells terminating IL-1 signaling. IL-1
effectively induced the degradation of IkBa and IkBe in both cell types but IkB was not affected.
However, IkBa was resynthesized much more rapidly in hepatic cells in comparison to glial cells.
In addition, the initial levels of IkBa were much lower in glial cells. We propose that the tissue-
specific regulation of the ACT gene expression by IL-1 is determined by different efficiencies of
IkBa resynthesis in glial and hepatic cells.
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INTRODUCTION

Activation of brain inflammatory processes and release of proinflammatory cytokines such
as IL-1 and tumor necrosis factor (TNF) have been observed in traumatic brain injury,
chemical toxicity, multiple sclerosis, AIDS dementia, viral infections, and Alzheimer's
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disease (AD) (Ghirnikar et al. 1998). In fact, increased expression of IL-1 has been reported
in AD, and recently a polymorphism of the IL-1 gene that results in elevated cytokine
expression has been shown to correlate with a high risk of developing AD (Grimaldi et al.
2000; Nicoll et al. 2000).

Binding of IL-1 to its cell surface receptors activates several signaling pathways and
transcription factors including the NF-xB/Rel family members (p65, RelB, c-Rel, p50, and
p52) (Ghosh et al. 1998), which can either homo- or hetero-dimerize. In non-stimulated cells
NF-kB proteins reside in the cytoplasm due to the interaction with IkBs (inhibitors of NF-
«B) including IkBa, IkBp, and IkBe(Maniatis 1997). After cell stimulation, NF-xB/IkB
complexes are activated by a canonical activation pathway involving the IKKS subunit of
IkB-kinase (IKK) complex, which phosphorylates 1kBs targeting them for polyubigitination,
subsequent degradation, and thus liberates dimers containing p65 and c-Rel (Karin and Ben-
Neriah 2000). In contrast, RelB/p50 and RelB/p52 complexes are released by a non-
canonical activation pathway that requires NF-xB-inducing kinase and the IKKa subunit of
IKK complex (Xiao et al. 2001), (Senftleben et al. 2001). The nature of NF-xB activation
can be either transient or persistent with several mechanisms proposed to explain this
phenomenon that include the exchange of NF-xB dimers (Saccani et al. 2003), differences in
resynthesis and phosphorylation kinetics of IkBs (Thompson et al. 1995), (DiDonato et al.
1997), loss of 1kBp (Bourke et al. 2000), occurrence of hypophosphorylated IkBB(Suyang et
al. 1996), formation of the IkBR:MEKK2 complex (Schmidt et al. 2003), expression
protein(s) accelerating export of NF-xB from nucleus (Higashitsuji et al. 2002), SUMO-
modification of IkBa(Hay et al. 1999) (Desterro et al. 1998), Pin-1 mediated prolyl
isomerization of p65 (Ryo et al. 2003), and the acetylation of p65 (Chen and Greene 2003).

az-antichymotrypsin (ACT) specifically co-localizes with B-amyloid deposits in the brains
of Alzheimer's patients (Abraham et al. 1988), and also enhances the formation of 3-amyloid
deposits in a double transgenic model of AD (Nilsson et al. 2001). In the brain, astrocytes
are the major source of ACT and its expression is regulated by IL-1, TNF, and oncostatin M
(OSM) (Kordula et al. 1998), (Kordula et al. 2000). Liver is the major source of ACT found
in the blood; however, ACT expression is only slightly activated by IL-1 in hepatic cells
although the expression of several other genes including those encoding SAA, CRP, and
PAI-1 is strongly activated by IL-1 (Edbrooke et al. 1991) (Cha-Molstad et al. 2000) (Arts et
al. 1999).

Since enhanced expression of the ACT gene by astrocytes in vivo is most likely a result of
IL-1 (or TNF) stimulation, we analyzed the molecular basis of this sustained cytokine-
induced activation, and compared the mechanism that functions in astrocytes to that in
hepatic cells.

MATERIALS AND METHODS

Cell culture

Human cortical astrocyte cultures were established using dissociated human cerebral tissue
established exactly as described previously (Kordula et al. 1998). Cortical tissue was
provide by Advanced Bioscience Resources, and the protocol for obtaining postmortem fetal
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neural tissue complied with federal guidelines for fetal research and with the Uniformed
Anatomical Gift Act. Human astrocytoma U373-MG and human hepatoma HepG2 cells
were obtained from American Type Culture Collection (Rockville, MD). Cells were cultured
in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum,
antibiotics, sodium pyruvate, and non-essential amino acids.

Cytokines and cell stimulation

Cells were stimulated with 25 ng/ml OSM (R&D, Systems, Inc., Minneapolis, MN), 10
ng/ml IL-1 (a gift from Immunex Corp., Seattle, WA), or 1 pM dexamethasone (DEX)
(Sigma Chemical Co., St. Louis, MO).

RNA preparation and Northern blot analysis

Total RNA was prepared using the phenol extraction method (Rose-John et al. 1988).
Briefly, five pg samples of RNA were subjected to formaldehyde gel electrophoresis using
standard procedures (Sambrook 1989) and transferred to Hybond-XL membranes
(Amersham, Piscataway, NJ) according to the manufacturer's instructions. The filters were
prehybridized at 68°C for 3 h in 0.5 M sodium phosphate buffer pH 7.2, 7% SDS and 1 mM
EDTA, and hybridized in the same solution with cDNA fragments labeled by random
priming (Feinberg and Vogelstein 1983). After the hybridization, nonspecifically bound
radioactivity was removed by four washes in 40 mM phosphate buffer, 1% SDS and 1 mM
EDTA at 68°C for 20 min. Intensities of the bands were analyzed by QuantityOne software
(BioRad, Hercules, CA)

Synthetic oligonucleotides

The following oligonucleotides were synthesized to amplify the PCI gene promoter;
PCITOP (5’-TTTGGGATCCTCTCTCAGGAGTGCCCATG-3’) and PCIBOT (5’-
CGGGGGATCCACTCACCTCTGCTGC-3%) (NC_000014, nucleotides
94117275-94117735). The AP-1 and NF—xB double stranded oligonucleotides used both to
generate AP-1 and NF—xB reporter constructs, and also in EMSA were described previously
(Kordula et al. 2000).

Plasmid construction

Plasmids pASACTCAT, pStACTCAT, and ptkCATAEH containing the IL-1-enhancer of the
ACT gene linked to its promoter, the ACT promoter (NC_000014, nucleotides
94148122-94148502), and the tk minimal promoter, respectively, were described previously
(Kordula et al. 2000). Plasmid pEnhPCICAT contains the IL-1-enhancer of the ACT gene
linked to the PCI gene promoter. It was generated as follows; the 466 bp long PCI promoter
was amplified by PCR from genomic DNA using the PCITOP and PCIBOT primers. The
PCR product was digested with BamHI and inserted into the BamHI/Bglll sites of
ptkCATAEH yielding the pPCICAT plasmid. The pASACTCAT was digested with BamHI,
and the DNA fragment containing the IL-1-enhancer of the ACT gene was purified and
subsequently cloned into the BamHI site of pPCICAT vyielding the pEnhPCICAT. Plasmids
p2x(AP-1)CAT and p3x(NFxB)CAT were generated by cloning double stranded
oligonucleotides (AP-1 and NF—«B, respectively) into BamHI site of ptkCATAEH. All
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constructs were sequenced on both strands. The expression plasmids encoding the pNF-
kB(p65) and constitutively active IKKf were provided by Dr. A. Baldwin (University of
North Carolina, Chapel Hill, NC) and Dr. F. Mercurio (Celgene Signal Research Division,
San Francisco, CA), respectively.

Transient transfections

Cells were transfected in 12 well clusters using FUGENESG transfection reagent (Roche,
Indianapolis, IN), according to the supplier's instructions. Plasmids (200 ng of the reporter
CAT plasmid and 100 ng of pCH110) and 0.6 pl of FUGENES diluted in 50 pl of serum free
medium were used for each well containing cells growing in 500 pl of culture medium. One
day after transfection cells were stimulated, cultured another 24 h, and harvested. Protein
extracts were prepared by freeze thawing (Gorman 1985), and protein concentration was
determined by the BCA method (Sigma Chemical Co., St. Louis, MO). Chloramphenicol
acetyltransferase (CAT) andp-galactosidase assays were performed as described (Delegeane
et al. 1987), (Schrell et al. 1998). CAT activities are normalized to the internal control 8-
galactosidase activity and are means + S.E.M. (3-7 determinations).

Nuclear extract preparation and electromobility shift assays (EMSA)

Nuclear and whole cell extracts were prepared as described (Baeuerle and Baltimore 1988).
Double stranded DNA fragments were labeled by filling in 5” protruding ends with Klenow
enzyme using [a32P]dCTP (3000 Ci/mmol). EMSA was carried out according to published
procedures (Fried and Crothers 1981), (Sawadogo et al. 1988). Five g of nuclear extracts
and approx. 10 fmol (10,000 cpm) of probe were used. Polyclonal anti-c-fos, anti-c-jun,
anti-p65, anti-p50, anti-p52, anti-RelB, and anti-c-Rel antisera were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). All oligonucleotides used for EMSA were
designed to contain four bases single-stranded 5’ overhangs at each end after annealing.

Western Blotting

RESULTS

Cells growing in 6 cm dishes were lysed in 500 pl of boiling 1% SDS, 10 mM Tris pH 7.4
and 1 mM sodium orthovanadate. Protein concentrations were determined using the BCA kit
(Sigma, St. Louis), and 50 ug samples were subjected to SDS-PAGE and electroblotted onto
nitrocellulose (Schleicher & Schuell, Keene, NH). C-fos, c-jun, IkBa, IkBB, and IkBe were
detected using following antibodies; SC-52, SC-44, SC-371, SC-946, SC-7156 (Santa Cruz
Biotechnology, Santa Cruz, CA). Antigen-antibody complexes were visualized by enhanced
chemiluminescence (Amersham Biosciences, Piscataway, NJ).

IL-1 efficiently activates ACT expression in glial cells

We and others have previously shown that IL-1 and OSM upregulate the expression of the
ACT gene in both primary human astrocytes and astrocytoma cells (Das and Potter 1995),
(Kordula et al. 1998), (Kordula et al. 2000). This activation is strongly enhanced by
glucocorticoids as previously reported for ACT and other acute phase genes expressed in
liver and other tissues (Baumann and Gauldie 1994). However, ACT expression is not
significantly upregulated in hepatic cells including both HepG2 and Hep3B cell lines which
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are two of the prominent models used to study hepatic cell functions (Fig. 1 and data not
shown). The profound upregulation of ACT expression in glial cells by IL-1 (~30 fold in
astrocytes) is very rapid and can be observed as early as one hour after cytokine treatment
with maximal induction found after 8-18 hours. In contrast, IL-1 had little effect on the ACT
mMRNA accumulation in HepG2 cells with a maximal 2-fold increase also observed at 8-18 h

(Fig. 1).

The —13 kb enhancer of the ACT gene functions in astrocytes but not in hepatic cells

We have previously described the IL-1/TNF-responsive enhancer located 13 kb upstream of
the ACT gene (Kordula et al. 2000). Since multiple regulatory mechanisms can account for
the observed differences in regulation of the ACT gene by IL-1 in astrocytes and
hepatocytes, we analyzed the responsiveness to IL-1 of several reporter constructs
containing both the ACT gene promoter and its —13 kb enhancer. Considering that the
enhancer is located only 6 kb downstream of the PCI gene, we generated a reporter construct
containing the PCI promoter and the enhancer and included this construct in our analysis for
comparison. We found that the —13 kb enhancer efficiently mediated the response to I1L-1
and TNF in primary astrocytes; however, it was not functional in hepatocytes (Fig. 2).
Moreover, the responsiveness mediated by the —13 kb enhancer was independent of the gene
promoter used to drive the transcription of the reporter since the enhancer-PCI reporter
construct was activated by IL-1 in astrocytes. However, the reporter containing the enhancer
linked to the ACT promoter was more efficiently activated than the reporter containing
enhancer linked to the PCI promoter. This result suggests that additional yet to be identified
elements located within the ACT promoter may contribute to the IL-1 responsiveness. We
conclude that the difference in the IL-1-responsiveness of the ACT gene in astrocytes and
hepatocytes is mediated by the —13 kb enhancer, which responds to IL-1 in a tissue-specific
manner.

IL-1 induces prolonged activation of NF—xB in glial cells

The -13 kb enhancer contains two NF-xB and one AP-1 binding elements, and both of
these transcription factors can be activated by IL-1 in a variety of cell types. We have
analyzed the time-dependent activation of NF-«B in astrocytes, astrocytoma and hepatoma
cells by EMSA. NF-«B was efficiently activated in all three cell types 20 min after IL-1
treatment (Fig. 3A). This activation was specific to IL-1 since neither OSM nor Dex
treatment activated NF—«B in either cell type. Nevertheless, the time course of NF-xB
activation was drastically different between glial and hepatoma cells. In all cell types, NF-
kB was activated 5 min after cytokine treatment with maximal activity observed between
15-30 min (Fig. 3B). However, glial cells contained substantial levels of activated NF-xB
even 21 h after IL-1 stimulation. In contrast, very low levels of activated NF-xB were found
in hepatic cells after 2-21 h (Fig. 3B), which were essentially the same as in the untreated
cells. This correlated with transient occurrence of p65 in nuclei of HepG2 cells (Fig. 3D).

Since NF-«B is a complex of several proteins, we analyzed the composition of activated
NF—xB complex after short and long term IL-1 treatment in astrocytes, astrocytoma and
hepatoma cells. We found that the composition of activated complex is identical in all cell
types analyzed after both short and long time cytokine exposure (Fig. 3C). We detected p65
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and p50 as the major components of the complex with very low amounts of c-Rel found
after long cytokine treatment. We conclude that IL-1 treatment of glial and hepatic cells
results in rapid activation of NF—xB containing the same components; however, in contrast
to hepatic cells, glial cells are characterized by prolonged activation of this transcription
factor.

IL-1 activates NF—xB reporter in astrocytes but not in hepatocytes

To test whether activation of NF-xB or AP-1 manifest as an increased responsiveness to
IL-1 in glial cells, we generated reporter constructs containing several copies of either NF-
KB or AP-1 elements (derived from the enhancer) linked to the minimal tk promoter. We
tested these constructs in transient transfections of human primary astrocytes and hepatoma
cells. The AP-1 reporter was not activated in either astrocytes or hepatocytes in response to
IL-1 (Fig. 4). In contrast, the NF—«B reporter was activated in astrocytes but not in
hepatocytes indicating that this element from the enhancer mimics the response profile of
the endogenous ACT gene. We conclude that NF-kB is the key regulator controlling IL-1-
induced transcription of the ACT gene in a tissue-specific manner.

Overexpression of p65 or constitutively active mutant of IKKp activates the ACT reporter
in hepatocytes

Since the initial activation of NF=«xB in hepatocytes was essentially identical to that found in
glial cells we hypothesized that there is a cell-type specific mechanism that terminates NF—
kB signaling in hepatocytes. To test this hypothesis we overexpressed p65 together with the
ACT reporter to override this mechanism. In fact, we found that overexpression of NF-xB
resulted in a significant activation of the reporter containing the —13 kb enhancer linked to
the ACT promoter but not the control reporter containing only the ACT promoter (Fig. 5A).
This result proves that a continuous supply of NF=xB can activate the ACT gene in hepatic
cells.

To test if hepatic cells contain sufficient amounts of endogenous NF—«B to activate the ACT
gene, which cannot be continuously activated after cytokine treatment, we overexpressed
constitutively active IKKp together with our reporters. Once again the reporter containing
the enhancer was efficiently activated but not the control construct containing only the ACT
promoter (Fig. 5B). These results suggest that signaling to NF-«B is quickly terminated
after an initial activation by IL-1 in hepatocytes. This inhibition results in a very low level of
activated NF-«B found several hours after cytokine treatment.

Low levels of IkBain glial cells

In untreated cells NF-xB components are complexed with members of the 1kB family and
reside in the cytoplasm. After cytokine treatment the IkB proteins are phosphorylated,
ubigitinated, and degraded by the proteasome, which results in the subsequent unmasking of
an NLS within NF—xB, its nuclear translocation and activation of target genes including the
gene encoding IkBa (Sun et al. 1993). To test if differing levels of IkB proteins or differing
kinetics of their degradation and/or resynthesis can explain the drastically different
responsiveness of glial and hepatic cells to IL-1, we analyzed the time-dependent effect of
IL-1 treatment on the levels of IkBa, IkBp, and 1kBe. We found that IkBa and IkBe are
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rapidly degraded after cytokine treatment in both glial and hepatic cells, whereas levels of
IkB were only slightly diminished in astrocytes (Fig. 6A). However, the kinetics of IkBa
degradation and resynthesis was drastically different between glial and hepatic cells. In
hepatocytes, the amount of IkBa was back to initial levels within 1 h, while it almost
completely depleted from glial cells at this time. In addition, we compared the initial levels
of IkBs in all three cell types, and found that the levels of IkBa and IkBe are very low in
astrocytes with low levels of IkBa also found in astrocytoma cell (Fig. 6B). We conclude
that responsiveness to IL-1 can be inversely proportionally correlated with the levels of
IkBa. The drastic attenuation of IL-1-induced accumulation of activated NF-xB may result
from rapid resynthesis of 1kBa in hepatic cells.

Low activation of IL-1-induced IkBa synthesis in glial cells

To analyze if relatively slow resynthesis of IkBa in glial cells (in comparison to hepatic
cells) results from low activity of the IkBa gene in these cells, we measured levels of IkBa
MRNA after IL-1 treatment. The kinetics and magnitude of IkBa mRNA accumulation were
drastically different between glial and hepatic cells (Fig. 7). In glial cells, the levels of IkBa
mRNA were significantly upregulated 1-2 hours after cytokine treatment with maximal
levels found at 1 hour (7 and 3 fold increase for astrocytes and astrocytoma, respectively)
and increased levels were still found hours later. In hepatocytes, the activation was very
dramatic (25 fold increase); however transient, with amounts of IkBa mRNA only slightly
increased at 2 hours after cytokine treatment. This transient and dramatic activation
correlates with the kinetics of IL-1 signaling termination in these cells.

Transient phosphorylation of p65 on serine 536 in glial cells

Recently, phosphorylation of serine 536 of p65 by IKK complex has been shown to regulate
recruitment of p300/CBP to the nuclear pool of p65 (Sakurai et al. 2003) (Zhong et al.
2002). Subsequently, these coactivators acetylate p65 on several residues, which leads to the
increased transactivation potential of p65 and modifies its association rate with IkBa (Chen
and Greene 2003). We compared the kinetics of p65 phosphorylation on serine 536 in both
glial and hepatic cells. The phosphorylation of p65 on serine 536 was very rapid and
transient in astrocytes with very low levels of phosphorylated p65 found after 2 hours of
cytokine treatment (Fig. 8). Very rapid phosphorylation was also evident in hepatic cells;
however, maximal levels of phosphorylated p65 were found 1 hour after IL-1 treatment, and
these levels were still elevated after 2 hours (Fig. 8). It should be noted that in hepatic cells
p65 is not present in the nucleus already 2 hours after IL-1 stimulation (Fig. 3B).

DISCUSSION

The ACT found in the brain is identical to that produced in the liver and found in the blood;
however, in the brain it is produced by astrocytes in response to inflammatory cytokines
(Hwang et al. 1999). The mechanisms that regulate the expression of ACT in the brain are of
primary interest since its increased levels amplify formation of B-amyloid plaques in a
double transgenic mouse model of Alzheimer's disease (Nilsson et al. 2001). Here, we
investigated the molecular mechanism that allows astrocytes to continuously synthesize
ACT in response to IL-1. This mechanism is non functional in hepatic cells since IL-1 has
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little, if any, effect on ACT expression in these cells (Fig. 1). Our results clearly demonstrate
that the same pattern of tissue-specific regulation is found for the —13 kb enhancer of the
ACT gene (Fig. 2) suggesting that this enhancer is the sole mediator of the gene's tissue-
specific responsiveness. Furthermore, the specificity of the enhancer correlates with the
specificity of the reporter containing «B elements derived from the enhancer (Fig. 4). These
data suggest that astrocyte-specific activation of ACT gene expression by IL-1 is solely
determined by persistently activated NF—«B in glial cells while its activation is transient in
hepatic cells (Fig. 3B).

Our data raises the question as to whether the AP-1 element located within the enhancer, and
the very high levels of AP-1 found in glial cells (Kasza et al. 2002), are important for 1L-1
mediated activation of the ACT gene. We found neither an activation of the AP-1 reporter in
response to IL-1 (Fig. 4) nor could we see any substantial activation of AP-1 binding in
response to I1L-1 (Kasza et al. 2002). These results suggest that AP-1 itself does not likely
mediate the activation of the ACT gene in response to IL-1 (at least activation of the
episomal reporter). However, the binding of AP-1 to its element within the —13 kb enhancer
may serve as a recruiting signal for remodeling complexes and/or coactivators. Our data
show that in contrast to glial cells, rapid termination of IL-1 signaling to the ACT gene
occurs in hepatocytes. However, this inhibitory mechanism can be overcome by
overexpression of p65 or a constitutively active mutant of IKK (Fig. 5). These data suggest
that sufficient amounts of NF—xB are present in hepatic cells, which can be effectively
activated if active kinase is present. The IkB proteins are the obvious candidates that may be
responsible for the observed termination of signaling. Our analysis of 1kBs expression levels
in hepatic cells and the kinetics of their resynthesis clearly points to IkBa as the protein that
likely terminates I1L-1 signaling. The dramatic upregulation of IkBa mRNA expression one
hour after cytokine treatment of hepatic cells results in rapid reappearance of the IkBa
protein (Fig. 6 and 7). This pool of newly synthesized protein is no longer degraded, and
likely is responsible for the export of NF-xB from nucleus back to the cytoplasm. It was
proposed by others that this pool of IkBa can be modified by SUMO and, therefore, not
accessible for degradation (Desterro et al. 1998). However, we could not detect SUMO-
modified IkBa prior to or after IL-1 stimulation of hepatic or glial cells (data not shown). It
is possible that after initial activation by IL-1, IKKa is no longer available in the cytoplasm
since it translocates to the nucleus (Yamamoto et al. 2003), (Anest et al. 2003).

The question why 1kBa is so efficiently induced in hepatic cells in comparison to glial cells
remains? Our in silico analysis of IkBa, promoter (http://www.genomatix.de/cgibin/
matinspector_prof) produced several putative binding sites for hepatocyte nuclear factor—1
(HNF-1), HNF-4 and CCAAT enhancer binding protein (C/EBP) all of which are highly
expressed in hepatic cells but only some isoforms of C/EBP are expressed in glial cells
(Cardinaux et al. 2000). It is likely that these factors constitutively occupy the promoter of
the IkBa gene and once NF—«B appears in the nucleus and binds to its three binding
elements within the IkBa promoter (Ito et al. 1994), it can very efficiently activate
transcription. However, other mechanisms including regulation by CBF-1 and Notch may
also apply (Higashitsuji et al. 2002).
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The persistent activation of NF-xB in glial cells correlates with the transcriptional activity
of the ACT gene in these cells. Over the last few years multiple mechanisms have been
proposed to explain the persistent activation of NF—xB, and we have analyzed which of
these proposed mechanisms could apply to glial cells. Clearly, the exchange of NF-xB
dimers (Saccani et al. 2003) does not occur in astrocytes since p65 and p50 are the major
components of the NF-xB complex after both short- and long-term exposure to IL-1 (Fig.
3C). Changes in the kinetics of degradation or resynthesis of IkBp or presence of
hypophosphorylated IkBp also do not apply since we did not observe degradation of IkBp in
astrocytes or hepatocytes (Fig. 6). These results suggest that it is likely that newly
synthesized IkBa is modified, and this prevents its association with NF-kB, or in turn NF—
kB is modified and cannot interact with IkBa. To date the sumoylation of IkBa has been
shown; however, we could not detect any SUMO-modified IkBa in glial or hepatic cells.
Recently, NF-xB has been shown to undergo cytokineinducible acetylation on at lest five
different lysine residues (Chen et al. 2002), (Kiernan et al. 2003). Although published papers
propose two contradictory functional models (acetylation inhibited or enhanced interaction
with IkBa), acetylation of the NF—xB occurs after cytokine treatment and results in
prolonged nuclear localization of NF-«xB. Acetylation of p65 is preceded by
phosphorylation of p65 on serine 536 which generates a signal for recruitment of
coactivators (Zhong et al. 2002). In fact, we observed rapid phosphorylation of p65 in both
cell types; however, it was transient in astrocytes and more persistent in hepatic cells (Fig.
8). Nuclear phosphatases were implicated in the dephosphorylation process of p65 (Sakurai
et al. 2003). Since p65 is rapidly exported from the nuclei of hepatic cells (Fig. 3B) its
prolonged phosphorylation in these cells (Fig. 8) supports the finding that nuclear
phosphatases are the key players responsible for the dephosphorylation of p65. This rapid
export of p65 in hepatic cells will also likely prevent any efficient acetylation of p65 by
coactivators.

We propose the following model that explains differences in responsiveness of the ACT
gene to IL-1 in glial versus hepatic cells. In hepatic cells IL-1 induces a rapid degradation of
IkBa that results in the release of NF—«B, its translocation to the nucleus and activation of
target genes including IkBa gene. The resynthesis of IkBa is rapid due to the elements
binding hepatocyte-specific factors within the promoter of IkBa gene. Since newly
synthesized IkBa quickly accumulates in the nucleus there is little time for NF—«B to
become acetylated by nuclear acetyltransferases. Therefore, NF=xB binds to IkBa, it is
efficiently exported back to the cytoplasm, and the signal is terminated. Recently, hepatoma
subtracted-cDNA library clone one (HSCO) has been shown to enhance the nuclear export
of NF=xB. This protein may be an important component of the export mechanism in
hepatocytes.

In contrast to hepatic cells, glial cells express much lower levels of IkBa, and its resynthesis
is much slower. NF-«B released from IkBa complexes is present in the nucleus for longer
times before a new wave of IkBa reaches the nucleus, this allows NF—«B to be efficiently
acetylated, thus preventing its association with IkBa and results in persistent activation. The
difference in the initial levels of IkBa between glial and hepatic cells is likely determined by
a CBF-1 repressor that recently was shown to bind to the IkBa gene promoter (Oakley et al.
2003).
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The final question remains how IL-1 in hepatic cells regulates other IL-1-responsive genes
including those coding for CRP, PAI, and SAA? The mechanisms governing the IL-1
induced activation of the PAI-1 gene are not known but may involve transcription factors
other than NF-«B. Expression of the CRP gene is controlled by C/EBP and p50 that both
interact at the CRP promoter (Cha-Molstad et al. 2000). Two NF-«B binding elements were
identified in the promoter of the SAA gene; however, identity of the dimers or interacting
proteins is not known (Edbrooke et al. 1991).

We propose that the low levels of IkBa in glial cells coupled with its slow resynthesis after
IL-1 stimulation allow NF—«B to reside within the nucleus for a longer duration and
therefore undergo efficient modification (likely acetylation) preventing its interaction with
newly synthesized IkBa. This leads to the persistent activation of NF—xB and, in turn,
efficient activation of glial NF-xB-responsive genes. Acetylation of NF-xB or mechanisms
allowing faster expression of 1kBa therefore may be the future targets in order to lower ACT
expression in the brain.
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Fig. 1. Expression of ACT mRNA in human astrocytes, astrocytoma U373-MG and hepatoma
HepG2 cells

Human astrocytes, human astrocytoma U373-MG and human hepatoma HepG2 cells were
treated with IL-1a (10 ng/ml), OSM (25 ng/ml), or 1 uM dexamethasone (DEX) as
indicated. RNA was isolated after 18 hours (left panel) or at indicated times (right panel,
IL-1 and DEX treatment), and subjected to Northern blot analysis using ACT cDNA as a
probe. The bottom panels show 28S rRNA stained with ethidium bromide on the membrane.
Numbers correspond to fold-induction.
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Fig.2. The enhancer of the ACT gene is functional in astrocytes but not in hepatoma cells
Human astrocytes or HepG2 cells were transfected with plasmids pAACTCAT (ENH-

ACTCAT) or pENHPCICAT and -galactosidase expression vector as internal control for
transfection efficiency. One day after transfection cells were stimulated with I1L-1 (10 ng/ml)
or TNF (10 ng/ml) in the presence of 1 uM dexamethasone, cultured for another 24 hours,
and harvested. CAT activities were normalized to 3-galactosidase activities (four separate
analysis), and are shown as a fold induction with control cultures equal to 1.
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Fig. 3. Activation of NF—B in human astrocytes, astrocytoma and hepatoma cells
A. Human astrocytes, U373-MG and HepG2 cells were stimulated with IL-1, OSM, or Dex

for 20 minutes. Nuclear extracts were prepared and binding was analyzed using the NF-xB
oligonucleotide.

B. Cells were stimulated with 1L-1 and DEX for the indicated time periods, nuclear extracts
were prepared, and binding analyzed using the NF-«B oligonucleotide. C. Cells were
stimulated with IL-1 and DEX for either 20 min or 24 hours, nuclear cell extracts were
prepared, incubated with anti-p65, anti-p50, anti-p52, anti-RelB, anti-c-Rel or normal rabbit
serum (NRS) and binding was analyzed using the NF-«B oligonucleotide. D. HepG2 cells
were stimulated with IL-1 and DEX for the indicated time periods, nuclear and cellular
extracts were prepared and analyzed by Western blotting using anti-p65 antibodies.
Representative results of three separate experiments are shown.
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Fig. 4. IL-1 activates the NF—B reporter construct in human astrocytes but not in HepG2 cells
Human astrocytes or HepG2 cells were transfected with reporter plasmids ptk CATDEH

(vector), p2xAP-1CAT (2xAP-1), or p3x(NF-«B) (3XxNF—«B), and p-galactosidase

expression vector as internal control for transfection efficiency. Cells were stimulated with

IL-1 and DEX, cultured for another 24 hours, and harvested. CAT activities were

normalized to p-galactosidase activities (three separate analysis), and are shown as a fold

induction with control cultures equal to 1.
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Fig. 5. Overexpression of p65 or constitutively active IKKpactivates NF-xB reporter in human
hepatoma cells
HepG2 cells were cotransfected with reporter plasmids pASACTCAT (ENH-ACT-CAT) or

pStACTCAT (ACT-CAT), and plasmids encoding NF-«xB(p65) (A) or constitutively active
IKKB (B), and B-galactosidase expression vector as internal control for transfection
efficiency. Cells were stimulated with 1L-1 and OSM (in the presence of DEX) as indicated,
cultured for another 24 hours, and harvested. CAT activities were normalized to -
galactosidase activities (3-5 separate experiments).
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Fig. 6. Analysis of IkB isoforms in astrocytes, astrocytoma and hepatoma cells
(A). Human astrocytes, U373-MG or HepG2 cells were stimulated with IL-1 and DEX for

the indicated time periods and cell lysates were prepared. IkBa, 1kBp, and IkBe were
detected by Western blotting. (B). Protein concentrations were determined in the lysates and
equal amounts of total cellular protein were analyzed as in A.

Representative results of two experiments are shown.
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Fig. 7. Expression of IkBa mRNA in human astrocytes, astrocytoma and hepatoma cells
Human astrocytes, astrocytoma U373-MG and hepatoma HepG2 cells were treated with

IL-1a (10 ng/ml) and 1 uM DEX for indicated time periods. RNA was isolated after 18 h,
and subjected to Northern blot analysis using IkBa cDNA as a probe. Bottom panels show
28S rRNA stained with ethidium bromide on the membrane.
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Fig. 8. Transient phosphorylation of p65 on serine 536
Human astrocytes and hepatoma HepG2 cells were treated with IL-1a (10 ng/ml) and 1 uM

DEX for indicated time periods, and cell lysates were prepared. Protein concentrations were
determined in the lysates and equal amounts of total cellular protein were analyzed by
Western blotting using anti-Phospho-NF-kB p65 (Ser536) or anti-p65 antibodies.
Representative results of two experiments are shown.
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