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The expression of a1-antichymotrypsin (ACT) is significantly en-
hanced in affected brain regions in Alzheimer’s disease. This
serine proteinase inhibitor specifically colocalizes with filamen-
tous b-amyloid deposits and recently has been shown to influ-
ence both formation and destabilization of b-amyloid fibrils. In
the brain, ACT is expressed in astrocytes, and interleukin-1 (IL-1),
tumor necrosis factor a (TNF), oncostatin M (OSM), and IL-6/
soluble IL-6 receptor complexes control synthesis of this inhibi-
tor. Here, we characterize a molecular mechanism responsible
for both IL-1 and TNF-induced expression of ACT gene in astro-
cytes. We identify the 59 distal IL-1/TNF-responsive enhancer of
the ACT gene located 13 kb upstream of the transcription start
site. This 413-bp-long enhancer contains three elements, two of

which bind nuclear factor kB (NF-kB) and one that binds activat-
ing protein 1 (AP-1). All of these elements contribute to the full
responsiveness of the ACT gene to both cytokines, as deter-
mined by deletion and mutational analysis. The 59 NF-kB high-
affinity binding site and AP-1 element contribute most to the
enhancement of gene transcription in response to TNF and IL-1.
In addition, we demonstrate that the 59 untranslated region of the
ACT mRNA does not contribute to cytokine-mediated activation.
Finally, we find that overexpression of the NF-kB inhibitor (IkB)
totally inhibits any activation mediated by the newly identified
IL-1/TNF enhancer of the ACT gene.
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Alzheimer’s disease (AD), the most common degenerative disor-
der of the CNS, is characterized by cerebral degeneration, neuro-
nal cell death, and accumulation of deposits in the affected areas of
brain (Selkoe, 1991). These filamentous deposits contain polymers
of a 40–42 amino acid b-amyloid peptide (Ab) released by action
of specific proteinases (Selkoe, 1991; Sinha et al., 1999) from a
transmembrane protein, referred to as b-amyloid precursor protein
(APP). However, deposition of Ab by itself is not sufficient to
produce the AD clinical syndrome. Among the additional mecha-
nisms implicated in the development of AD, inflammation-related
factors are involved in a number of key steps in the pathological
cascade, especially in the formation of neuritic plaques (Eikelen-
boom et al., 1994). Initially, immunohistological studies have shown
the presence of complement factors in neuritic plaques. Comple-
ment activation, in turn, is believed to participate in the activation
of microglial cells and the stimulation of synthesis of pro-
inflammatory cytokines, including interleukin-1 (IL-1), tumor ne-
crosis factor (TNF), and IL-6. This may initiate the beginning of a
vicious cycle leading to further amplification of Ab deposition,
because pro-inflammatory cytokines have been shown to directly
upregulate APP expression (Donnelly et al., 1990) as well as
indirectly influence the balance between Ab and so-called Ab-
associated proteins, including a1-antichymotrypsin (ACT) (Abra-
ham et al., 1988; Snow et al., 1988; Namba et al., 1991).

ACT is a member of the serine proteinase inhibitor (serpin)
family (Potempa et al., 1994). In vitro, it has been shown to either
stimulate formation or destabilize already preformed fibrillar forms
of Ab, depending on the ratio of ACT and Ab (Fraser et al., 1993;
Ma et al., 1994). Recently, it has been demonstrated that Ab inserts

into two b sheets of ACT, which apparently leads to transformation
of the latter protein from inhibitor to substrate (Janciauskiene et
al., 1998). Thus, this interaction could result in lower levels of
functional inhibitor, leading to uncontrolled proteolysis by an en-
zyme normally inhibited by ACT. Although the identity of a
hypothetical target proteinase(s), normally inhibited by ACT in the
brain, is still not known, this serpin has recently been shown to
inhibit degradation of Ab (Yamin et al., 1999).

Astrocytes have been shown to be the major source of ACT in
affected brain regions in AD (Abraham et al., 1988). For this
reason, a state of cerebral “acute phase,” similar to that found in
liver, as a response to neuronal degeneration and accumulation of
deposits has been proposed (Vandenabeele and Fiers, 1991). Proin-
flammatory cytokines from the IL-1 and IL-6 families have been
suggested to mediate this response and upregulate expression of
the ACT gene. In fact, IL-1, TNF, and recently, OSM have been
shown to regulate ACT expression in astrocytes, whereas IL-6 was
ineffective because of the lack of functional IL-6 receptors (Das
and Potter, 1995; Kordula et al., 1998). In addition, regulatory
elements that mediate responses to OSM have been identified in
the promoter region of the ACT gene (Kordula et al., 1998).
However, the mechanisms of IL-1- and TNF-induced activation of
this gene have so far remained unclear, and an understanding of
these processes is a prerequisite to any attempt to control ACT
expression as an approach to future therapy.

In this report we characterize a molecular mechanism responsi-
ble for upregulation of ACT expression in primary human astro-
cytes by IL-1 and TNF.

MATERIALS AND METHODS
Cell culture. Human cortical astrocyte cultures were established exactly as
described previously (Kordula et al., 1998). Cells were cultured in DMEM
supplemented with 10% fetal calf serum, antibiotics, sodium pyruvate, and
nonessential amino acids.

Cytokines and cell stimulation. Cells were stimulated with 25 ng/ml OSM
(R&D Systems, Minneapolis, MN), 5 ng/ml IL-1 (a gift from Immunex
Corp., Seattle, WA), or 10 ng/ml TNFa (a gift of Cutter Laboratories,
Berkeley, CA). Dexamethasone (Dex) (1 mM; Sigma, St. Louis, MO) was
also added to enhance cytokine action.
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RNA preparation and Northern blot analysis. Total RNA was prepared
using the phenol extraction method (Rose-John et al., 1988). Samples of
RNA (5 mg) were subjected to formaldehyde gel electrophoresis using
standard procedures (Sambrook et al., 1989) and transferred to Hybond-N
membranes (Pharmacia Biotech, Little Chalfont, UK) according to the
manufacturer’s instructions. The filters were prehybridized at 68°C for 3 hr
in 10% dextran sulfate, 1 M sodium chloride, and 1% SDS and hybridized
in the same solution with a 1.4 kb EcoRI–EcoRI fragment of ACT cDNA
(a gift of Dr. H. Rubin, University of Pennsylvania) labeled by random
priming (Feinberg and Vogelstein, 1983). After the hybridization, nonspe-
cifically bound radioactivity was removed by washing in 23 SSC at room
temperature, followed by two washes in 23 SSC and 1% SDS at 68°C for
20 min.

Synthetic oligonucleotides. The following oligonucleotides were synthesized
to generate pStACTCAT: 59-CAAGCTTGGATCCACTAGTAGATCTT-39
and 59-CTAGAAGATCTACTAGTGGATCCAAGCTTGCATG-39. A pair
of primers PR-INTL (59-GGGTCTCCATGGGGCTGCCTCG-39) and
PR-INTEXR (59-GGTACCATGGTCTCCATTCTCAACTCT-39) was used
in the PCR to obtain a DNA fragment containing the first intron of the ACT
gene (ex-in-ex). Primers PRBglII-246 (59-ATGAAGATCTAATAAGCAGA-
TAAA AAC-39) and either PRNcoI (59-TCTCCATGGTCAACTCTGCC-
TCAGGGAGCTGGATGTAG-39) or PRNcoII (59-TCTCCATGGTCAA-
CTCTCAGGGAGCTGGATGTAG-39) were used in the PCR to incorporate
two variants of the untranslated region (UTR) of the ACT mRNA in the front
of the CAT gene (un1 and un2, respectively). Mutants containing point
mutations in the NF-kB(59), NF-kB(39), and AP-1 elements were generated
by PCR using Pwo polymerase (Roche, Indianapolis, IN) and the following
primers: 59-ACAGGGATCCCTGCAGAGATGCGGGAA GTCTAGAG-
GACAGCAGGAAAGTC-39 (mut59), 59-GCTAGGATCCCCAGGAG-
CAAAGC TTCC TAGAGCCGGACCC TC -39 (mut39), 59-AC TGTG-
GAATTCAGCTCCTCTGCAGTG-39 (mutAP-1t), and 59-GAGCTG-
AATTCCACAGTTTTGTCTGG-39 (mutAP-1b). Primers 59-GCTAG-
GATCCCCAGGAGCAAAGTCC-39 (E1), 59-GTGGGGATCCCAGATA-
ATGAGTAAC-39 (E2), 59-ACAGGGATCCCTGCAGAGATGCG-39
(E3), and 59-TGCAGGATCCCAGACAAAACTGTG-39 (E4) were used to
obtain PCR products E1E2, E1E4, and E3E4. All oligonucleotides used for
gel retardation assays were designed to contain single-stranded 59 overhangs
of four bases at both ends after annealing (Table 1).

Library screening and plasmid construction. A human genomic library
(from a HT1080 fibrosarcoma cell line) was obtained from Stratagene (La
Jolla, CA). Phages 4.5 3 10 6 were screened using a (2352 to 125) PCR
fragment of the ACT promoter. A single phage harboring a DNA fragment
containing the first exon, first intron, and 14719-bp-long 59 flanking region
of the ACT gene was isolated. Plasmids pACT-3573CAT, pACT-244CAT,
ptkCATDEH, pSPI-3(-148)CAT, pUCACT, and prT-61 were described
previously (Bugno et al., 1995; Kordula and Travis, 1996; Kordula et al.,
1998). Expression plasmid pRSVIkB was a gift from Dr. K. Brand (Mu-
nich, Germany). Plasmid pStACTCAT was generated by an insertion of a
double-stranded oligonucleotide, described above, into SphI/XbaI sites of
pACT-244CAT. Plasmids p’d’ACTtkCAT, p’e’ACTtkCAT, p’f’ACTtkCAT,
and p’g’ACTtkCAT were constructed by insertion of BamHI–BamHI frag-
ments (see Fig. 2, d, e, f, g) into the BamHI site of ptkCATDEH. Plasmids
p’a’StCAT, p’b’StCAT, p’c’StCAT, p’d’StCAT, p’e’StCAT, p’f’StCAT, and
p’g’ACTtkCAT were constructed by insertion of BamHI–BamHI fragments
(a, b, c, d, e, f, g) into the BamHI site of pStACTCAT. The plasmid
p-2431ACT(ex-in-ex)CAT was generated as follows. The BamHI–NcoI frag-
ment from pUCACT was cloned into BglII–NcoI sites of the pCAT3-
promoter (Promega, Madison, WI). The obtained plasmid p(B-N)CAT was
digested with NcoI, and the NcoI-digested PCR product (ex-in-ex) was
inserted. Plasmids p-244un1CAT and p-244un2CAT were constructed by in-
sertion of BglII–NcoI-digested PCR products (un1 and un2) into BglII–NcoI
sites of pCAT-promoter. Plasmids pDBglIIACTCAT, pDHindIIIACTCAT,
and pDSphIACTCAT were the deletion mutants of p’a’StCAT from which
the BglII–BglII, HindIII–HindIII, or SphI–SphI fragments were removed.
Plasmids pSSCAT, prSSCAT, p1EECAT and p2EECAT were obtained
by cloning SphI–SphI or EcoRV–EcoRV fragments from p’a’StCAT into
either the SphI or BamHI/blunt site of pStACTCAT. Plasmids pER-
SCAT, pee1CAT, and pee2CAT were generated by insertion of EcoRI/
blunt–SacI /blunt or EcoO109I /blunt–EcoO109I /blunt fragments from
p1EECAT into the BamHI / blunt site of pStAC TCAT. Plasmid
pdelee1EECAT derives from p1EECAT from which the EcoO109I–

EcoO109I fragment was deleted. Plasmids pDACTCAT, pD5ACTCAT,
and pD3ACTCAT were constructed by insertion of BamHI-digested E1E2,
E1E3, and E3E4 PCR products into the BamHI site of pStACTCAT.
Plasmidsp(mut59)ACTCAT,p(mut39)ACTCAT,p(dm)ACTCAT,p(mutAP)
ACTCAT, p(mut591AP)ACTCAT, p(mut391AP)ACTCAT, and p(mut-
triple)ACTCAT, analogous to pD5ACTCAT but with introduced point
mutations in the 59NF-kB, 39NF-kB, or AP-1 elements, were generated by
insertion of BamHI-digested PCR products into the BamHI site of
pStACTCAT. Plasmids pSPI-3(IL-1enh)CAT, p(IL-1enh)CAT, pTIMP-
1(IL-1enh)CAT, and p2x(IL-1enh)StACTCAT were constructed by inser-
tion of the BamHI-digested E3E1 product into the BamHI site of pSPI-
3(-148)CAT, ptkCATDEH, prT-61CAT, or pStACTCAT. All constructs
were sequenced on both strands.

Transient transfections. Cells were transfected in 12-well clusters using
FuGENE6 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 ml of FuGENE6 diluted in 50 ml of serum-free medium
were used for one well containing cells growing in 500 ml of culture
medium. One day after transfection cells were stimulated, cultured another
24 hr, and harvested. Protein extracts were prepared by freeze-thawing
(Gorman, 1985), and protein concentration was determined by the BCA
method (Sigma). Chloramphenicol acetyltransferase (CAT) and b-galacto-
sidase assays were performed as described (Delegeane et al., 1987; Seed
and Sheen, 1988). CAT activities are normalized to the internal control
b-galactosidase activity and are means 6 SEM (three to six determinations).

Nuclear extract preparation and gel retardation assays. Nuclear extracts
were prepared as described (Baeuerle and Baltimore, 1988). Double-
stranded DNA fragments were labeled by filling in 59 protruding ends with
Klenow enzyme using [a 32P]dCTP (3000 Ci/mmol). Gel retardation
assays were performed according to published procedures (Fried and
Crothers, 1981; Sawadogo et al., 1988). Nuclear extracts (5 mM) and ;10
fmol (10,000 cpm) of probe were used. The polyclonal anti-NF-kB p65
antiserum (H-286) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

RESULTS

IL-1 and TNF upregulate expression of ACT mRNA in
primary human astrocytes
IL-1, TNF, and OSM have previously been shown to regulate ACT
expression in both astrocytes and astrocytoma cells (Das and
Potter, 1995; Lieb et al., 1996; Kordula et al., 1998). In astrocytes
the magnitude of ACT stimulation by these cytokines was compa-
rable, suggesting that all three cytokines should be considered as
potential regulators of ACT expression in the brain under inflam-
matory conditions. To measure the effect of IL-1 and TNF on ACT
expression in our astrocyte preparations, we stimulated these cells
with cytokine in either the presence or absence of Dex, a synthetic
glucocorticoid known to enhance cytokine action in hepatic cells.
Figure 1 shows that although control astrocytes express barely
detectable amounts of ACT mRNA, cytokine treatment results in
substantial upregulation of ACT mRNA expression. This cytokine-
activated synthesis of ACT mRNA was enhanced by Dex, although
the glucocorticoid, by itself, had little effect. For comparison we
also stimulated cells with LPS; however, this compound did not
influence the production of ACT mRNA.

Table 1. Oligonucleotides used in gel retardation assays

Name Sequence

59-GATCTATGCGGGAAGTCCCAGGGA-39

59 NF-kB 39-ATACGCCCTTCAGGGTCCCTCTAG-59

59-GATCTCTAGGGGACTTTGCTCCTGA-39

39 NF-kB 39-AGATCCCCTGAAACGAGGACTCTAG-59

59-GATCTGAGCTGACTCACACA-39

AP-1 39-ACTCGACTGAGTGTGTCTAG-59

Figure 1. Expression of ACT mRNA in human astrocytes. Human astro-
cytes were treated with IL-1 (5 ng/ml), TNFa (10 ng/ml), or LPS (1
mg/ml). RNA was isolated after 18 hr and subjected to Northern blot
analysis using ACT cDNA as a probe. Bottom panel shows 18S RNA stained
with ethidium bromide on the membrane.
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Identification of the DNA fragment containing IL-1/TNF
response element(s)
We have previously concluded that activation of the ACT gene by
IL-1 is a transcriptional event (Kordula et al., 1998). However, the
3.6-kb-long 59 flanking region of the ACT gene conferred respon-
siveness to neither IL-1 nor TNF, although it was fully responsive
to OSM (Kordula et al., 1998) (Fig. 2B). To identify regulatory
elements that mediate the response to IL-1 and TNF, we cloned
different fragments of the ACT gene (containing all introns and
exons) in front of the tk promoter-driving transcription of the
reporter CAT gene. Constructs were transfected into astrocytes,
and their responsiveness to IL-1 and TNF was determined. How-
ever, neither construct was regulated by IL-1 or TNF (Fig. 2B). We
conclude that regulatory elements that mediate response to IL-1
and TNF are most likely located distal to the mRNA coding
sequence. To obtain DNA fragments more 59 to the ACT gene, we
screened a human genomic library and purified a single phage
harboring a DNA fragment containing 14719 bp of the 59 flanking
sequence of the ACT gene (Fig. 2A). Next, we cloned DNA
fragments containing either the 59 flanking region of the ACT gene
or ACT coding sequences, in front of a short ACT promoter that
is responsive to OSM. This approach enabled the analysis of cloned
DNA fragments together with elements specific for the ACT pro-
moter and thus would likely allow any specific interactions between
IL-1/TNF-induced transcription factors and factors binding to the
ACT promoter. The constructs obtained were analyzed in trans-
fection experiments (Fig. 2C) and, as expected, because of the
presence of the ACT promoter, all were responsive to OSM. In
addition, the construct containing the 7407-bp-long fragment from
the 59 flanking region of the ACT gene located at 214719 to 27312
was also responsive to IL-1 and TNF. Next, we analyzed shorter
DNA fragments derived from the 214719 to 27312 fragment and

found that a 413-bp-long fragment located at 213227 to 212814
still conferred responsiveness to IL-1 and TNF; however, further
truncation led to a decrease or loss of responsiveness (Fig. 3B).

Lack of effect of the ACT mRNA 5* untranslated region
(5*UTR) on responsiveness to IL-1 and TNF
Recently, 59UTRs of human b-amyloid precursor protein mRNA
and ferritin mRNA have been shown to confer responsiveness to
IL-1 (Rogers et al., 1994, 1999). Because multiple mechanisms
could regulate expression of ACT by IL-1 and TNF, we analyzed
the effect of its 59UTR on the activation by both cytokines. First,
we generated a construct containing a 2400-bp-long ACT 59 flank-
ing region, first exon (containing ACT 59UTR), entire first intron,
and the sequence coding for the first three amino acids of ACT
followed by a CAT reporter gene. Transcription from this con-
struct, followed by splicing, should result in production of a chi-
meric mRNA containing the ACT 59UTR and the protein coding
sequence that encodes the first three amino acids of ACT and the
entire CAT protein. This construct, analyzed in transfection ex-
periments (Fig. 4), proved to be responsive to OSM but not to IL-1
or TNF. The pattern of cytokine responsiveness indicated that
chimeric mRNA was properly transcribed and spliced, whereas the
protein synthesized was expressed in an active form. Moreover, the
observed activation by OSM indicates the expected normal func-
tion of the ACT promoter in this “splicing” construct. However,
the ACT 59UTR proved to be incapable of mediating any response
to IL-1 or TNF. Although by searching an EST database we found
a second type of ACT 59UTR, which differs from that analyzed by
four nucleotides (additional GCAG at 212 to 29 upstream from
first methionine). To investigate the role of this 59UTR, we in-
serted both types of 59UTR in front of the CAT gene downstream
from the ACT promoter. However, these constructs were also not

Figure 2. Localization of the IL-1/TNF
response element of the ACT gene. A,
Structure of the DNA fragment containing
the ACT gene and its 59 flanking region
(GenBank accession no. AL049839). Ex-
ons coding for protein C inhibitor (PCI )
and antichymotrypsin (ACT ) are indicated
by numbers. B marks restriction sites for
BamHI. Asterisk indicates the end of
the DNA fragment harbored by phage.
BamHI–BamHI fragments used for con-
struction of reporter plasmids are marked
by letters (a–g). B, Human astrocytes
were transfected with plasmids pact-
3573CAT, ptkCATDEH, p’d’ACTtkCAT,
p’e’AC TtkCAT, p’f ’AC TtkCAT, or
p’g’ACTtkCAT, and b-galactosidase ex-
pression vector as internal control for
transfection efficiency. One day after trans-
fection, cells were stimulated with the in-
dicated cytokines, cultured for another 24
hr, and harvested. CAT activities were nor-
malized to b-galactosidase activities (cpm/
unit 3 1023). tk indicates thymidine kinase
minimal promoter from ptkCATDEH. C,
Human astrocytes were transfected with
pStACTCAT, p’a’StCAT, p’b’StCAT, p’c’-
StCAT, p’d’StCAT, p’e’StCAT, p’f’StCAT,
p’g’StCAT, and pCH110. C ells were
treated with cytokines and harvested as
described above. CAT activities were
normalized to b-galactosidase activities
(cpm/unit 3 1023 ). OP indicates 244-bp-
long ACT promoter containing elements
mediating response to OSM but not to
IL-1 or TNF.
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responsive to IL-1 and TNF in transfection experiments, although
they did respond to OSM (Fig. 4). We conclude that neither of the
ACT 59UTRs can confer a response to IL-1 or TNF and that
activation by these cytokines is most likely mediated in full by the
distal regulatory element that we identified above.

Identification of regulatory elements binding IL-1- and
TNF-induced factors
The 413-bp-long element that conferred a response to IL-1 and
TNF was searched for the presence of putative binding sites for
transcription factors. Two possible binding sites for NF-kB at
213213 to 213202 (59NF-kB) and 212831 to 212820 (39NF-kB)
and a single putative AP-1 element at 212985 to 212979 were
located (Fig. 3A). Binding of transcription factors to these elements
was then analyzed by EMSA (Fig. 5). Treatment of astrocytes with
IL-1 and TNF resulted in activation of a protein that bound to the
59NF-kB binding site, and this protein was recognized by anti-
NF-kB antibodies (Fig. 6). In contrast, we did not observe any
proteins binding to the 39NF-kB binding site. However, binding of
a protein to the AP-1 site was also detected in control astrocytes,
and treatment of these cells with IL-1 or TNF further enhanced
this binding. To evaluate the contribution of each of these elements
to the overall responsiveness to IL-1 and TNF, we constructed a
series of mutants with mutations introduced into NF-kB and AP-1
elements (Fig. 7). Mutations introduced into 59NF-kB resulted in a
reduction of responsiveness to both IL-1 and TNF by 60%,
whereas mutation of the 39NF-kB site only slightly diminished this
response (15%). These results correlated with both binding studies
(Fig. 5) and analysis of deletion mutants (Fig. 3). The mutation of
the AP-1 element reduced responsiveness to both cytokines by
50%. The mutant with an intact AP-1 site but that was mutated at
both NF-kB sites had a reduced ability to respond to IL-1 and TNF
(reduction by 70 and 50%, respectively). In addition, a mutant with
all three sites changed was no longer responsive to IL-1 and TNF.
We conclude that (1) all three elements contribute to the full
activity of the 413-bp-long fragment, and (2) the 59NF-kB and
AP-1 elements mediate most of the response.

The 413-bp-long 5* distal element of the ACT gene is an
IL-1/TNF enhancer
The 413-bp-long distal element of the ACT gene mediated a
response to IL-1 and TNF when linked to the short ACT pro-

Figure 3. Detailed analysis of the puta-
tive IL-1/TNF response element of the
ACT gene. Human astrocytes were trans-
fected with p’a’StCAT, pDBglIIACTCAT,
pDHindIIIACTCAT, pDSphIACTCAT,
pSSCAT, prSSCAT, p1EECAT, or
p2EECAT (A); p1EECAT, pER-SCAT,
pdelee1EECAT, pee1CAT, pee2CAT,
pDAC TCAT, pD5AC TCAT, or
pD3ACTCAT ( B). An internal control
plasmid pCH110 encoding b-galactosidase
was included in all transfection experi-
ments. Cells were treated with cytokines
and harvested as described in the legend to
Figure 2. OP marks 244-bp-long ACT pro-
moter. Restriction sites for BglII ( B),
EcoO109I (O), EcoRI (R), EcoRV (E),
HindIII (H ), and SacI (S) are indicated.
Nucleotide sequence of the ACT IL-1/
TNF response element is shown (C). The
NF-kB and AP-1 elements are boxed.

Figure 4. The untranslated region of ACT mRNA does not confer any
response to IL-1 and TNF. Human astrocytes were transfected with either
ptkCATDEH, pACT-244CAT, p-2431ACT(ex-in-ex)CAT, p-244un1CAT,
or p-244un2CAT and an internal control plasmid pCH110 encoding
b-galactosidase. Cells were treated with cytokines and harvested as de-
scribed in the legend to Figure 2. CAT activities were normalized to
b-galactosidase activities (cpm/unit 3 1023). The two variants of the
untranslated region (un1, un2), first intron (int), and first and second exon
(exI, II ) of the ACT gene are marked. tk indicates thymidine kinase
minimal promoter from ptkCATDEH.
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moter. To determine whether the ACT promoter is indispensable
for IL-1 and TNF response, we also linked the distal element to
several promoters normally not responsive to IL-1 and TNF. These
promoters were chosen to be diverse. The SPI-3 promoter contains
a TATA box and is characterized by very low basal expression. In
contrast, the TIMP-1 promoter does not contain a TATA box and
has a relatively high basal activity. As shown in Figure 8, the
413-bp-long element is an IL-1/TNF enhancer that conferred a
responsiveness for both cytokines to all tested promoters. In addi-
tion, fusion of this enhancer to these promoters increased their
basal activity.

Crucial role of NF-kB in regulating ACT gene expression
Strong binding of NF-kB to the 59NF-kB site and substantially
reduced activation of enhancer lacking this binding site suggested
that NF-kB might be the most important factor regulating ACT
gene expression. To prove this hypothesis we blocked activation of
NF-kB by overexpressing inhibitor of NF-kB (IkB). We cotrans-

fected into astrocytes a reporter plasmid containing the ACT
IL-1/TNF enhancer and an expression plasmid encoding IkB (Fig.
9). The activation of the reporter gene by IL-1 and TNF was totally
blocked by expression of IkB. We conclude that NF-kB is a key
regulatory transcription factor mediating activation of the ACT
gene by IL-1 and TNF via a distal 59 enhancer.

DISCUSSION
Both IL-1 and TNF have been implicated as key regulatory mol-
ecules in a number of normal physiological and pathological pro-
cesses within the CNS, including astrogliosis, inflammatory reac-
tions, and induction of expression of “cerebral” acute phase genes
(Giulian et al., 1988; Merrill, 1991; Vandenabeele and Fiers, 1991).
Activation of the target genes by these cytokines can be either
direct or mediated via activation of other signaling molecules such
as IL-6 and IL-8, which in turn induce their target genes (Ben-
veniste et al., 1990; Kasahara et al., 1991). The activation of the
ACT gene by IL-1 and TNF in astrocytes seems, however, to be
directly mediated by both cytokines, and this apparently occurs at
the level of transcription (Kordula et al., 1998). Similarly, regula-
tion of ACT expression in astrocytes by OSM or complexes of
IL-6/sIL-6R is mediated on the level of transcription, as described
previously (Kordula et al., 1998). However, low levels of OSM,
IL-6, and sIL-6R in cerebrospinal fluids suggest that OSM and
IL-6, although contributing to ACT regulation, might not be the
major regulators of its expression in the brain (Frieling et al., 1994;
Kordula et al., 1998). In contrast, IL-1 and TNF can readily be
detected in the CNS, and thus, it is likely that the enhanced
expression of ACT in astrocytes localized in affected areas of the
brain is induced by these cytokines. Here, we demonstrate that the

Figure 5. EMSA of nuclear extracts from human astrocytes using frag-
ments from the IL-1/TNF response element. Human astrocytes were in-
cubated with IL-1 or TNF for 40 min (A) or 4 hr (B). Nuclear extracts were
prepared and analyzed using 32P-labeled double-stranded fragments de-
rived from the IL-1/TNF response element; 59NF-kB, 39NF-kB, and AP-1.
Gels were exposed for 48 (A) or 24 (B) hr. Asterisks indicate IL-1-,
TNF-induced bands.

Figure 6. The IL-1-, TNF-induced protein is recognized by anti-NF-kB
antibodies. Human astrocytes were stimulated with IL-1 or TNF for 40
min. Nuclear extracts were prepared and analyzed using a 59NF-kB double-
stranded oligonucleotide. Extracts were incubated with anti-NF-kB anti-
bodies or normal rabbit serum (NRS) for 10 min when indicated. Arrow
indicates position of the IL-1-, TNF-induced band. Asterisk marks super-
shifted complexes.

Figure 7. Effect of point mutations introduced into the NF-kB and AP-1
elements. Point mutations were introduced into putative binding sites of
the ACT IL-1/TNF response element as described in Materials and
Methods. Human astrocytes were transfected with either pD5ACTCAT,
p(mut59)AC TCAT, p(mut39)AC TCAT, p(dm)AC TCAT, p(mutAP)
ACTCAT, p(mut591AP) ACTCAT, p(mut391AP)ACTCAT, or p(mut-
triple)ACTCAT, and b-galactosidase expression vector as internal con-
trol for transfection efficiency. One day after transfection, cells were
stimulated with indicated cytokines, cultured for another 24 hr, and
harvested. CAT activities were normalized to b-galactosidase activities
(cpm/unit 3 1023).
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transcriptional mechanism of ACT activation is not accompanied,
at least in astrocytes, by an additional translational regulation
mediated by the 59UTR of ACT mRNA (Fig. 4).

Recently, it has been shown by use of specific kinase inhibitors,
that protein kinases A and C are not involved in the regulation of
ACT gene expression by IL-1 or TNF in astrocytoma U373-MG
cells (Lieb et al., 1996). It was also proposed that NF-kB might
regulate ACT expression in response to these cytokines, because
activation of ACT mRNA could be inhibited by pyrrolidine dithio-
carbamate, a known inhibitor of NF-kB activation. However, nei-
ther of the regulatory elements mediating activation by IL-1 or

TNF have been identified nor has any transcription factor binding
to any elements near the ACT gene been shown. Moreover, IL-1
and TNF have been found to regulate target genes by activating a
number of different transcription factors, including AP-1, NF-kB,
CAAT enhancer binding protein, LPS, IL-1-induced STAT (LIL-
STAT), and octamer binding factor 1 (Mukaida et al., 1990;
Tsukada et al., 1996; Tseng and Schuler, 1998; Fukuoka et al.,
1999). Thus, the mode of ACT regulation by IL-1 and TNF was
unclear and needed identification of regulatory elements.

An increased expression of IL-1 has been reported in AD, and
this finding correlates with an increased expression of ACT (Griffin
et al., 1989). Moreover, polymorphism of the IL-1 gene that results
in higher expression of this proinflammatory cytokine has been
shown to correlate with a higher risk of developing AD (Grimaldi
et al., 2000; Nicoll et al., 2000). These data suggest that inflamma-
tory processes that involve enhanced expression of IL-1 and up-
regulation of IL-1-dependent target genes, including the ACT
gene, can contribute to the development and progression of AD.

Here, we identify the 59 distal enhancer located at 213227 to
212814 that mediates the response of the ACT gene to IL-1 and
TNF. This element also confers responsiveness to both cytokines
onto other promoters normally not responsive to IL-1 or TNF.
Regulatory elements that control expression of most of the known
genes are located within several kilobases upstream from the tran-
scription start site. However, distant and very distant regulatory
elements have also been described for several genes. The most
distant regulatory elements include that for the human apolipopro-
tein B gene located at 260 kb (Nielsen et al., 1998), the bx
enhancer of the Drosophila Ubx gene located at 230 kb (Qian et al.,
1991), and the 39 a E region located 70 kb downstream of the
human IgH locus (Lieberson et al., 1995). It seems very probable
that distant elements are common and regulate a great number of
genes; however, their identification is much more difficult using
currently available methodology. The ACT enhancer that we have
identified seems to be one of these distant regulatory elements.
This 413-bp-long enhancer contains at least three regulatory ele-
ments that contribute to its full activity (two NF-kB and one
AP-1). The mutational analysis indicates that the 59NF-kB site
contributes the most to the full responsiveness, whereas the effect
of the 39NF-kB element is marginal. The AP-1 element contributes
greatly to the response to both cytokines, and this is confirmed by
the fact that the response of the mutant lacking the AP-1 binding
site was greatly diminished (by 70 and 50% in response to IL-1 and
TNF, respectively).

ACT produced within the CNS has been shown to be essentially
identical to that secreted by hepatocytes (Hwang et al., 1999).
However, its increased levels in the brain may have potentially
drastic effects on both the degradation and polymerization of bA.
We now know that IL-1 and TNF as well as OSM and IL-6/sIL-6R
complexes control expression of ACT in astrocytes. Here, we have
identified regulatory elements and transcription factors that medi-
ate responses to IL-1 and TNF. It remains to be seen whether
interruption of their regulatory function might also affect amyloid
deposition associated with AD.

The enhancer that we identified is located ;13 kb upstream of
the ACT promoter and only 6 kb below the PCI gene (protein C
inhibitor) (Rollini and Fournier, 1997). Both genes are positioned
in the head to tail orientation, and the distance between the PCI
promoter and the IL-1/TNF enhancer is only 18 kb. In astrocytes,
PCI mRNA is not expressed (data not shown); however, both ACT
and PCI mRNAs are expressed in liver, and production of PCI is
constitutive. In hepatoma HepG2 cells, neither IL-1 nor TNF
regulates expression of PCI, whereas synthesis of ACT is only
barely upregulated by both cytokines (data not shown). Clearly,
two questions remain to be answered in the future: (1) why is the
enhancer not fully active in hepatoma cells, and (2) what are the
mechanisms that allow activation of the ACT gene but not the PCI
gene via the IL-1/TNF enhancer?

Figure 8. The IL-1/TNF response element of the ACT gene confers
responsiveness to IL-1 and TNF onto other promoters. The IL-1/TNF
response element was cloned in front of the SPI-3, TIMP-1, and tk pro-
moters. Human astrocytes were transfected with ptkCATDEH, pSPI-3
(-148)CAT, prT-61, p(IL-1enh)CAT, pSPI-3(IL-1enh)TCAT, pTIMP-1
(IL-1enh)CAT, or p2x(IL-1enh)CAT, and b-galactosidase expression vec-
tor as an internal control for transfection efficiency. One day after trans-
fection, cells were stimulated with indicated cytokines, cultured for another
24 hr, and harvested. CAT activities were normalized to b-galactosidase
activities (cpm/unit 3 1023).

Figure 9. Expression of IkB inhibits activation mediated by the ACT
IL-1/TNF response element. Human astrocytes were transfected with
pD5ACTCATH, IkB expression vector, and b-galactosidase expression
vector as an internal control for transfection efficiency. One day after
transfection, cells were stimulated with the indicated cytokines, cultured for
another 24 hr, and harvested. CAT activities were normalized to
b-galactosidase activities (cpm/unit 3 1023).
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