
Glial Fibrillary Acidic Protein Transcription Responses to
Transforming Growth Factor-b1 and Interleukin-1b

Are Mediated by a Nuclear Factor-1-Like Site
in the Near-Upstream Promoter

Knut Krohn, *Irina Rozovsky, *Pat Wals, †Bruce Teter,
*Chris P. Anderson, and *Caleb E. Finch

Medical Department III, University of Leipzig, Leipzig, Germany;*Neurogerontology Division, Andrus Gerontology Center,
and Department of Biological Sciences, University of Southern California, Los Angeles;

and †Sepulveda VA, Sepulveda, California, U.S.A.

Abstract: Elevated expression of glial fibrillary acidic pro-
tein (GFAP) is associated with astrocyte activation during
responses to injury in the CNS. Because transforming
growth factor-b1 (TGF-b1) and interleukin-1b (IL-1b) are
released during neural responses to injury and because
these cytokines also modulate GFAP mRNA levels, it is of
interest to define their role in GFAP transcription. The
increases of GFAP mRNA in response to TGF-b1 and
decreases in response to IL-1b were shown to be tran-
scriptionally mediated in rat astrocytes transfected with a
luciferase-reporter construct containing 1.9 kb of 59-up-
stream rat genomic DNA. Constructs containing sequen-
tial deletions of the rat GFAP 59-upstream promoter iden-
tified a short region proximal to the transcription start
(2106 to 253 bp) that provides full responses to TGF-b1
and IL-1b. This region contains an unusual sequence
motif with overlapping nuclear factor-1 (NF-1)- and nu-
clear factor-kB (NF-kB)-like binding sites and homology
to known TGF-b response elements. Mutagenesis (3-bp
exchanges) in 270 to 268 bp blocked the induction of
GFAP by TGF-b1 and the repression by IL-1b. Gel shift
experiments showed that the DNA segment 285 to 263
bp was bound by a factor(s) in nuclear extracts from
astrocytes. The concentrations of these DNA binding fac-
tors were increased by treatment of astrocytes with
TGF-b1 and decreased by IL-1b. Binding of these nu-
clear factors was blocked by mutation of 270 to 268 bp.
Despite homology to NF-1 or NF-kB binding sites in the
GFAP promoter at segment 279 to 267 bp, anti-NF-kB
or anti-NF-1 antibodies did not further retard the gel shift
of the nuclear factors/DNA complex. Moreover, astro-
cytic nuclear proteins do not compete for the specific
binding to NF-1 consensus sequence. Thus, nuclear fac-
tors from astrocytes that bind to the 285- to 263-bp
promoter segment might be only distantly related to NF-1
or NF-kB. These findings are pertinent to the use of GFAP
promoter constructs in transgenic animals, because cis-
acting elements in the GFAP promoter are sensitive to
cytokines that may be elaborated in response to expres-
sion of transgene products. Key Words: Glial fibrillary
acidic protein promoter—Transforming growth factor-

b1—Interleukin-1b—Nuclear factor-1 binding site.
J. Neurochem. 72, 1353–1361 (1999).

This study analyzed the transcriptional regulation of
glial fibrillary acidic protein (GFAP) by transforming
growth factor-b1 (TGF-b1) and interleukin-1b (IL-1b).
These and other cytokines are implicated in the regula-
tion of GFAP expression during neurodegenerative dis-
eases and experimental brain lesions (Duguid et al.,
1989; Steward et al., 1990; Logan et al., 1992). Modu-
lations of GFAP expression are implicated in the regu-
lation of astrocyte–neuron interactions during responses
to brain injury (Steward et al., 1990; Laping et al.,
1994a,b) and during the estrous cycle (Stone et al.,
1998). The sensitivity of GFAP expression to even mild
neuronal impairments (Canady and Rubel, 1992) has led
to the use of GFAP expression as a general marker for
neurodegenerative changes (May et al., 1997). The func-
tional role of GFAP is controversial because mice lack-
ing GFAP (GFAP-KO) develop normally, are fertile, and
respond to stab wound injury (Gomi et al., 1995; McCall
et al., 1996). However, GFAP-KO mice showed impair-
ments in long-term potentiation and long-term depres-
sion, which may reflect alterations in astrocyte–neuron
interactions (McCall et al., 1996; Shibuki et al., 1996).
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Among the cytokines induced during neurodegenera-
tion that also modify GFAP expression are TGF-b1 and
IL-1b (Laping et al., 1994a; Krieglstein et al., 1995). By
the nuclear run-on assay, TGF-b1 increases GFAP tran-
scription (Laping et al., 1994a). However, GFAP may
also be regulated posttranscriptionally (Selmaj et al.,
1991; Laping et al., 1994b). Because the GFAP promoter
is often used to drive the expression of transgenes, e.g.,
of TGF-b1 (Galbreath et al., 1995), it is important to
learn more aboutcis-acting elements that regulate its
responses to cytokines. We therefore also examined
whether the repression of GFAP expression by IL-1b
(Selmaj et al., 1991; Oh et al., 1993) is mediated tran-
scriptionally.

The 59-upstream promoter of GFAP contains numer-
ouscis-acting regulatory elements (Brenner et al., 1994;
Laping et al., 1994b), consistent with increased transcrip-
tion in response to deafferentiating lesions (Brenner et
al., 1994; Laping et al., 1994b) and to TGF-b1 (Laping
et al., 1994b). Among possiblecis-acting sequences that
might mediate responses to TGF-b1 are nuclear factor-1
(NF-1)- and nuclear factor-kB (NF-kB)-like binding
sites, as well as TGF-b1 responsive elements (TbREs),
which occur in the near 59-upstream rat GFAP promoter
(Laping et al., 1994b). NF-1-like binding sequences me-
diate transcriptional influences of TGF-b1 in a collagen

promoter (Rossi et al., 1988; Ritzenthaler et al., 1993).
We determined the activity of the NF-1/TbRE-like site
in the near-upstream rat GFAP promoter that mediates
the induction of GFAP by TGF-b1 in rat primary cul-
tured astrocytes.

MATERIALS AND METHODS

GFAP promoter luciferase contructs
Of the rat GFAP 59-upstream region, 1.9 kb was direction-

ally subcloned intoKpnI and NheI sites of the pGL2 Basic
plasmid (Promega, Madison, WI, U.S.A.; Fig. 1) and confirmed
by sequencing. Construct A contains the full 1.9-kb (21,876 bp
to 113 bp) 59-upstream rat genomic sequence (Rozovsky et al.,
1995; Morgan et al., 1997). Other constructs contained consec-
utive deletions numbered serially (A1–A8) in relation to up-
stream length (Fig. 1). Fragments were obtained by internal
restriction sites (Fig. 1) in combination withKpnI, SmaI, and
ApaI sites in the pGL2 Basic vector and were blunt-ended using
T4 DNA polymerase for religation and subcloning into the
pGL3 Basic vector (Promega). Fragment A1 was constructed
using one of the internalXhoII sites in combination withBglII
restriction. Because we noted possible confounds with the
widely used pGL2 reporter, which contains an active activator
protein-1 (AP-1) site, all data presented here are obtained with
GFAP constructs in the pGL3 Basic vector.

FIG. 1. A: The rat GFAP promoter constructs and relative luciferase activity affected by TGF-b1 and IL-1b in cultured astrocytes. We
show several response elements in the 59-upstream region of the rat GFAP: NF-1, NF-kB, ERE (estrogen response element), GRE
(glucocorticoid response element), and TRE (AP-1 binding site; 12-O-tetradecanoylphorbol 13-acetate response element) (Laping et al.,
1994b). Luciferase activity was normalized to total cellular protein and b-galactosidase to control for transfection efficiency. Data are
mean 6 SEM values, expressed as fold change from values for vehicle controls (vehicle 5 1.00) in three independent experiments. *p
, 0.05. B: TGF-b1 and IL-1b response motif in the near-upstream rat GFAP gene. Mutated bases are shown above in lowercase letters.
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Site-directed mutagenesis
Construct A2 was subcloned into pALTER (Promega) and

engineered by site-directed mutagenesis using Altered Sites
IITM (Promega) and oligonucleotides containing three or six
base mutations described below. Mutations were confirmed by
sequencing.

Cell culture and transfection
Primary neonatal astrocytes were originated from cerebral

cortexes of 1–3-day-old F344 rat pups by mechanical dissoci-
ation, as described by McCarthy and de Vellis (1980). Cells
were plated in plastic culture dishes at 23 105 cells/cm2 and
cultured in Dulbecco’s modified Eagle’s medium/F12 culture
medium (Cellgro) supplemented with 10% fetal bovine serum
(GIBCO, Grand Island, NY, U.S.A.), 100 U/ml penicillin, and
50 U/ml streptomycin (Sigma, St. Louis, MO, U.S.A.) at 37°C
in a 5% CO2/95% air incubator, with medium renewal every
2–3 days until confluence (8–12 days). Confluent cultures were
purified from contaminating microglia and oligodendrocytes by
a standard shaking procedure (Giulian and Baker, 1986). This
purification usually yields cultures in which 98% of the cell
population are GFAP-immunopositive astrocytes (Rozovsky et
al., 1995). Purified astrocytes (primary cultures) were replated
in six-well plates (13 106 cells per well) for transient trans-
fection. Therefore, the first passage of monotypic astrocyte
cultures were used in these studies.

Promoter constructs were transiently transfected into astro-
cytes by lipofection (Superfect TM; Qiagen, Santa Clarita, CA,
U.S.A.). To evaluate efficiency of transfection, cells were co-
transfected with an SV40 promoter-drivenb-galactosidase
gene (pSV-b-galactosidase control vector; Promega). At 48 h
after transfection cells were treated with TGF-b1 (5 ng/ml) and
IL-1b (10 U/ml) in serum-free medium. Porcine platelet
TGF-b1 and human recombinant IL-1b (R&D, Minneapolis,
MN, U.S.A.) were reconstituted in serum-free medium with 2
mg/ml bovine serum albumin (BSA; Sigma) as recommended
by the supplier, and this BSA-containing serum-free medium
was used for vehicle controls. Cells were harvested after 1–48
h treatment as indicated. After cell lysis, luciferase activity was
assayed using the luciferase assay system (Promega), and ac-
tivity was normalized to total protein content (Coomassie pro-
tein assay; Pierce). Data are expressed as mean6 SEM per-
centages of vehicle controls from three or four independent
experiments. Statistical significance was evaluated by ANOVA
(Abacus Concepts, Berkeley, CA, U.S.A.).

Gel-shift analysis with nuclear extracts
To isolate nuclear proteins (Dignam, 1983; Abmayr and

Workman, 1995), cultured astrocytes were homogenized in
hypotonic buffer, and nuclei were separated by centrifugation
at 3,300g for 10 min. Nuclei were extracted in two steps with
continuous gentle mixing for 30 min in high salt buffer con-
taining 200 or 400 mM KCl, respectively. The supernatant of
nuclear extracts with 400 mM KCl was diluted with binding
buffer [10 mM HEPES (pH 7.9), 2 mM MgCl2, 50 mM KCl, 1
mM EDTA, 5 mM dithiothreitol, 10% glycerol, and 0.2 mM
phenylmethylsulfonyl fluoride] and concentrated (Centricon 10
microfilters; Amicon).

Complementary 23-bp oligonucleotides containing the
putative NF-kB and NF-1 binding site of the wild-type
GFAP promoter and 3-bp mutations for the respective
sites were synthesized: WT (wild type), ATTCAAT-
GGGGTGCTGCCAGGAA (coordinates263 to 285 nucle-
otides); mutNF-kB, ATTCAATGtacTGCTGCCAGGAA;
and mutNF-1, ATTCAATGGGGTGCTtaaAGGAA. A com-

plementary 34-bp oligonucleotide containing 3-bp mutations
for both sites was synthesized: the double mutant dmut,
GGCTATTCAATGtacTGCTtaaAGGAAGTCAGGG (coor-
dinates256 to 289 nucleotides). This mutant oligonucleo-
tide DNA contained additional bases adjacent to the muta-
tions to allow annealing effectively in the site-directed mu-
tagenesis of the luciferase constructs.

Double-stranded oligomers were constructed by annealing
cDNA in saline Tris-EDTA after heating to 95°C/5 min, with
slow cooling to 4°C. The wild-type DNA fragment was then la-
beled in a polynucleotidetransferase reaction using [32P]dATP.
As one of the controls, we also used the NF-1 consensus
oligonucleotide (Santa Cruz Biotechnology, Santa Cruz, CA,
U.S.A.), which was labeled as wild-type DNA GFAP fragment.

Human recombinant p50 protein (6.9 ng; Promega) charac-
terized as the DNA binding form of NF-kB (Baeuerle and
Baltimore, 1989) or up to 10mg of nuclear extract was incu-
bated in binding buffer [10 mM HEPES (pH 7.9), 2 mM MgCl2,
50 mM KCl, 1 mM EDTA, 5 mM dithiothreitol, 10% glycerol,
0.1% Na3PO4, 200 mg/ml BSA, and 0.2 mM phenylmethylsul-
fonyl fluoride] with 0.12 pmol of32P-labeled wild-type DNA
and 0.06–12 pmol of unlabeled wild-type or mutant NF-kB or
NF-1 competitor oligonucleotide. After 20 min, samples were
separated on an 8% low-cross-link polyacrylamide gel (20 cm)
at 350 V for up to 4 h. After drying,32P was evaluated by
phosphorimaging. For “supershift” assays 2ml of anti-NF-1
(N-20) or anti-NF-kB (NLS) (both from Santa Cruz Biotech-
nology) was added 30 min before addition of the probe and
incubated at 4°C. As a positive control, p50 protein was used.

RESULTS

Responses of the GFAP promoter to TGF-b1 and
IL-1 b

Activity of a 59-upstream construct containing 1.9 kb
of rat GFAP genomic DNA (Fig. 1, construct A) with a
luciferase reporter was induced by TGF-b1 in serum-free
medium. After a lag, increased transcription was de-
tected at 24 h, reaching a maximum increase of 100% by
48 h (Fig. 2). In contrast, treatment with IL-1b resulted
in 70% decreased GFAP transcription (Fig. 2).

FIG. 2. Induction of luciferase activity for the full length (1.9 kb)
of the rat GFAP upstream promoter in pGL3 Basic after treat-
ment with TGF-b1 and IL-1b in cultured astrocytes. Data are
means 6 SEM, expressed as fold change from the vehicle
control, defined as 1.00, of four independent experiments.
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Regulation of promoter constructs
Sequential deletions of the 59-upstream promoter

(Fig. 1) identified regions that might mediate tran-
scriptional response to TGF-b1 and IL-1b. Constructs
A2–A7 gave responses to TGF-b1 that were equiva-
lent to the full-length promoter. For IL-1b, the re-
sponses of constructs A2–A7 were slightly lower com-
pared with those to the full-length promoter. Construct
A2 (123 bp at the 39 end of the promoter) was the
shortest to retain full induction by TGF-b1 and repres-
sion by IL-1b. Construct A1 (20 bp 59 from the TATA
box) did not respond to either TGF-b1 or IL-1b;
however, the basal activity of this construct was four-
fold above background (activity of promoterless pGL3
Basic vector).

Site-directed mutagenesis of putative NF-kB and
NF-1 binding sites

The above data indicate thatcis-regulatory elements
within the near-upstream region253 to 2106 bp
mediate TGF-b1 and IL-1b responses. Motifs at279
to 266 bp resemble binding sites for NF-1 and NF-kB
(Table 1) (Gil et al., 1988; Novak et al., 1991; Laping
et al., 1994b). Mutations in the putative NF-1 binding
site abolished TGF-b1-induced transcription (Fig. 3,
mNF-1 and dmut). In contrast, mutations in the puta-
tive NF-kB site did not block induction by TGF-b1
(Fig. 3, mNF-kB).

Similar effects were observed for IL-1b repression.
Mutations in the putative NF-kB site (Fig. 3, mNF-kB)
did not affect IL-1b repression. Mutations in the putative
NF-1 site (Fig. 3, mNF-1) or mutations in both sites (Fig.
3, dmut) attenuated the repression by IL-1b. However,
this reduction was not statistically significant for the
dmut construct. These mutated constructs showed the
same basal activity as wild-type A2 construct. Basal
activity of A2 (no treatment) was 15-fold above the
background.

DNA binding of nuclear proteins by gel shift
Nuclear extracts from rat cultured astrocytes were

evaluated for the presence of factors that interacted with
oligonucleotide sequences in the GFAP promoter using
gel-shift assays. The wild-type oligonucleotides showed
retarded migration by DNA binding factor(s) in the nu-
clear extracts. The amount of DNA binding by nuclear
factors was increased by TGF-b1 treatment of astrocytes
(Fig. 4); relative band intensity was 43% above that for
the vehicle-treated control. DNA binding by nuclear
factors decreased by IL-1b treatment (38% below that
for the vehicle-treated control). Competitor DNA at 20-
and 100-fold higher concentrations reduced binding of
nuclear proteins to oligonucleotide DNA (Fig. 5, lanes 3

TABLE 1. TGF-b response elements in various promoters

Gene Sequence Reference

Rat GFAP promoter 59-TGGGGTGCT GCCAGGAA-39 Present study
Rat a1(I) collagen 59-TGCCCACG GCCAAG -39 Ritzenthaler et al. (1993)
Mousea2 (I) collagen 59-TCGCCCTT GCCAAG -39 Rossi et al. (1988)
Human elastin 59-TCCCCCAG GCCTCC -39 Marigo et al. (1994)
Human type I plasminogen activator inhibitor 59-TGGCTGCAT GCCCT -39 Riccio et al. (1992)
Human growth hormone 59-TGGCCTGCG GCCAG -39 Courtois et al. (1990)
Humana2 integrin 59-TGGCTAGGGC GCCA -39 Zutter et al. (1994)
Human perlecan 59-TGGCCCGGCG GCCC -39 Iozzo et al. (1997)
Humana2(I) collagen 59-AACGAGTCAGAGTTT -39 Chung et al. (1996)
NF-1 consensus 59-TGGMNNNNN GCCAR -39 Gil et al. (1988)
AP-2 consensus 59-CGCCCGC GGCCCGT -39 Williams and Tjian (1991)
AP-1 consensus 59-TGAGTCA -39 Angel et al. (1987)
NF-kB consensus 59-GGGRNNYYC -39 Supakar et al. (1995)
TbRE consensus 5- TGGCC N3–5 GCC -39 Iozzo et al. (1997)

These data [partially reproduced from Iozzo et al. (1997)] are modified and completed with the rat GFAP sequence. The homologous
sequences are boldface, the NF-1, TbRE, and AP-2 consensus are boldface and underlined, and the AP-1 consensus is underlined. R,
purine; Y, pyrimidine; N, R or Y; M, A or C. Spaces are introduced for the alignment.

FIG. 3. TGF-b1 (5 ng/ml) and IL-1b (10 U/ml) responses of the
wild-type GFAP promoter construct A2 (WT; 106 bp) and A2
mutated constructs with luciferase reporter after transfection
into cultured astrocytes: mNF-1, a 3-bp mutation affecting the
putative NF-1 binding site in construct A2; mNF-kB, a 3-bp
mutation in the putative NF-kB binding site in construct A2; and
dmut, mutations at both sites (see Materials and Methods).
Luciferase activity was normalized to total cellular protein and
b-galactosidase to control for transfection efficiency. Data are
means 6 SEM, expressed as a percentage of untreated controls
(ctrl), from three independent experiments. *p , 0.05 (WT vs.
mutants).
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and 4; 20-fold, 10% and 100-fold, 7% binding compared
with binding without competitor, respectively). A 3-bp
mutation (mNF-kB; Fig. 5, lanes 5 and 6) competed
almost as well (20-fold, 38%; 100-fold, 8% binding).
However, competition by a 20- and 100-fold excess of
unlabeled oligonucleotide containing a 3-bp mutation in
the NF-1 like site (mNF-1) did not alter binding of the

nuclear protein to wild-type DNA (Fig. 5, lanes 7 and 8;
20-fold, 98% and 100-fold, 96% binding).

As further controls, we examined gel shift with recom-
binant p50, an NF-kB binding protein that contains the
specific DNA binding domain (Baeuerle and Baltimore,
1989). Competitor DNA at equimolar and higher con-
centrations decreased levels of the labeled p50 protein/
DNA complex (Fig. 6, lanes 3–5). The mutated oligonu-
cleotide containing a 3-bp mutation in the putative
NF-kB site (mNF-kB) competed 10-fold less for binding
p50 protein than wild-type (Fig. 6, lanes 6–8).

To characterize the proteins in nuclear extracts from
astrocytes treated with TGF-b1 that bind to the NF-1/
NF-kB region in the rat GFAP promoter, we preincu-
bated nuclear extracts with antibodies to NF-1 or to
NF-kB (see Materials and Methods) and then analyzed
binding to the wild-type oligonucleotide used for the
gel-shift assay. There was no further retardation (“super-
shift”) of the nuclear protein/DNA complex with either
antibodies to NF-1 (data not shown) or antibodies to
NF-kB (Fig. 7, lanes 5 and 6). In contrast, the positive
control for NF-kB showed a clear supershift (lane 8).
Because purified NF-1 protein is not available to use as
a positive control, we used commercially prepared nu-
clear extracts from HeLa cells treated with phorbol ester
as a source of NF-1 protein (Santa Cruz Biotechnology).
However, a pilot experiment using this material did not

FIG. 4. TGF-b1 and IL-1b regulation of nuclear proteins that
bind the wild-type sequence (263 to 285 bp). Mobility-shift
results show a nuclear protein/DNA complex (arrowhead) in
nuclear extract from untreated cultured astrocytes (lanes 2–4,
triplicates) that decreased in level after IL-1b treatment (lanes
5–7, triplicates) and increased in level after TGF-b1 treatment
(lanes 8–10, triplicates). Lane 1, BSA in binding buffer. Mobility-
shift experiments were repeated with similar results.

FIG. 5. Mobility shift of a nuclear protein/DNA complex from
nuclear extracts of cultured astrocytes after TGF-b1 treatment. A
20- and 100-fold excess of unlabeled wild-type (Wt) oligonucle-
otide DNA (263 to 285 bp of the GFAP promoter) effectively
competes for the labeled nuclear protein/DNA complex (at 203,
10%; at 1003, 7% binding) (arrowhead, lanes 3 and 4). A 3-bp
mutation (mNF-kB, lanes 5 and 6) competed almost as well
(203, 38%; 103, 8% binding). In contrast, an oligonucleotide
DNA containing a 3-bp mutation in the NF-1-like site (mNF-1)
was much less effective for binding the nuclear protein (203,
98%; 1003, 96% binding) (lanes 7 and 8). Lane 1, BSA in
binding buffer; lane 2, no competitor.

FIG. 6. Human recombinant NF-kB (p50 protein) binding to the
wild-type NF-kB-like site or a mutagenized site (mNF-kB). La-
beled 23-bp DNA containing the putative NF-kB site in the GFAP
promoter was incubated with human recombinant p50 protein or
BSA for control. Complexes of p50 protein and DNA were re-
solved by gel electrophoresis. Unlabeled 23-bp DNA containing
wild-type NF-kB was used as a competitor in the binding reac-
tion. Mobility-shift results show the titration of wild-type 23-
nucleotide DNA/p50 protein complexes (lanes 2–8) with unla-
beled oligonucleotides containing wild-type DNA (NF-kB, lanes
3–5) or mutant DNA (mNF-kB, lanes 6–8). Lane 1, no p50
protein; lane 2, no competitor. Mobility-shift experiments have
been repeated with similar results.
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“supershift” when incubated with NF-1 consensus oligo-
nucleotide and antibodies to NF-1 (data not shown).
Therefore, as a further control we examined the compet-
itive binding of nuclear extracts from astrocytes treated
with TGF-b and nuclear extracts from phorbol ester-
treated HeLa cells to NF-1 consensus oligonucleotide
(Fig. 8). Competitor DNA (50-fold) decreased the
amount of labeled DNA/protein complex if HeLa cells
were used (Fig. 8, lanes 2 and 3). However, there was no
specific competition when nuclear extracts of astrocytes
were used (Fig. 8, lanes 4 and 5).

DISCUSSION

These experiments show that 1.9 kb of the rat 59-
upstream GFAP promoter containscis-acting elements
that suffice to mediate induction by TGF-b1 and repres-
sion by IL-1b, when transfected into rat primary astro-
cytes. These responses exactly model the directions and
extent of changes of levels of endogenous GFAP mRNA
in cultured astrocytes in response to TGF-b1 (Laping et
al., 1994a) and IL-1b (Oh et al., 1993). However, run-on
studies show a twofold increase in GFAP transcription
after TGF-b1 treatment in cultured astrocytes (Laping et

al., 1994a), which is much faster (2 h) than the 24-h
delay observed with the 1.9-kb construct. This difference
could be due to activity of downstreamcis-acting ele-
ments. In contrast to TGF-b1, IL-1b repressed GFAP
transcription: the reductions were detected by 8 h, which
matches the schedule of decrease in level of GFAP
mRNA by IL-1b in cultured astrocytes (Selmaj et al.,
1991; Oh et al., 1993).

Deletion constructs showed that both cytokine re-
sponses are mediated by a near-upstream site at2106 to
253 bp that is very close to the TATA box and that
contains an overlapping NF-1- and NF-kB-like binding
motif with homology to other TGF-b1 responsive sites
(Table 1).

The segment270 to 268 bp in the near-upstream
GFAP promoter is necessary for induction of GFAP by
TGF-b1 and repression by IL-1b based on the following:
(a) A 3-bp mutation in this segment abolished induction
by TGF-b1 and repression by IL-1b of GFAP promoter
activity (Fig. 3). (b) In gel-shift studies, nuclear extracts
from astrocytes treated with TGF-b1 showed increases
in factor binding to the upstream segment285 to 263
bp, whereas nuclear extracts from astrocytes treated with
IL-1b showed less binding (Fig. 4). (c) Mutations in the
segment270 to268 bp blocked binding of the astrocyte
nuclear factor(s), whereas mutations in the NF-kB-like
binding motif did not (Fig. 5). The agreement between
induction of transcription and gel-shift studies with mu-
tations in the270 to268-bp segment strongly indicates
that this site mediates the induction of GFAP by TGF-b1
and repression by IL-1b. In contrast, mutation of the
NF-kB-like binding site did not block the cytokine re-
sponses or binding of the astrocyte nuclear factor(s).
Furthermore, no supershift with anti-NF-kB antibodies
was detectable, despite efficacy of the positive control

FIG. 8. Mobility shift of nuclear pro-
tein/DNA complex from nuclear ex-
tracts of HeLa cells treated with
phorbol ester and of astrocytes
treated with TGF-b1. Lane 1 shows
the BSA control. In lanes 2 and 3, a
50-fold excess of unlabeled NF-1
consensus oligonucleotide effec-
tively competes for the labeled nu-
clear protein/NF-1 DNA complex of
HeLa cells. In lanes 4 and 5, there
was no competition for the specific
binding of nuclear proteins of astro-
cytes to NF-1 consensus oligonucle-
otide.

FIG. 7. Supershift of a nuclear protein/DNA complex from nu-
clear extracts of cultured astrocytes after TGF-b1 treatment by
antibodies to NF-kB. Nuclear extracts were preincubated with
anibodies to NF-kB and then analyzed for the binding to the
wild-type oligonucleotide used for the gel-shift assay: lane 1,
BSA in binding buffer; lane 2, rabbit serum; lanes 3 and 4,
nuclear extract from TGF-b-treated cells, no antibodies (dupli-
cates); lanes 5 and 6, plus anti-NF-kB (duplicates); lane 7, bind-
ing of p50 protein (positive control for NF-kB) to DNA fragment;
and lane 8, p50 plus antibodies to NF-kB. There was no further
retardation (“supershift”) of the nuclear protein/DNA complex
with antibodies to NF-kB (lanes 5 and 6). In contrast, p50 protein
showed a clear supershift (lane 8). The arrowhead marks the
retarded bands of nuclear protein/DNA complex. One star marks
the band of retarded p50/DNA complex, and two stars marks the
supershifted p50/DNA band.
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with p50. The mutated NF-kB site, however, showed
much weaker binding of p50, a recombinant protein that
contains the DNA binding site of NF-kB (Baeuerle and
Baltimore, 1989). The characterization of nuclear factors
from astrocytes with respect to NF-kB merits further
study because the release of TGF-b1, IL-1b, and other
cytokines may also be stimulated by oxidative stressors.
Such stressors induce NF-kB, which is observed in in-
jured brain and during brain lesions (Kaltschmidt et al.,
1993). Therefore, the NF-kB binding site in the GFAP
promoter remains of interest. Our observation that the
same element mediates opposite transcriptional re-
sponses of GFAP to TGF-b1 and IL-1b is a precedent for
the convergence of multiple stimuli on the samecis-
acting sequence.

Although the segment270 to268 bp is homologous
to part of a NF-1-like site, the failure to demonstrate a
competitive binding of astrocytic nuclear factors with the
NF-1 consensus sequence suggests that (a) factors in the
nuclear extract from TGF-b1-treated astrocytes respon-
sible for the induction might only be distantly related to
NF-1 and (b) these factors may be completely distinct
from NF-1 proteins. In addition, removal of a NF-1-like
site at positions2118 to2104 bp (Miura et al., 1990)
that is conserved among the human, rat, and mouse did
not affect TGF-b1 induction or IL-1b repression, which
further argues against a NF-1 action.

TGF-b1 modifies transcription through various tran-
scription factors in other genes. In thea1(I) collagen
promoter, Ritzenthaler et al. (1991) characterized a trans-
forming growth factor-b activation element (TAE)—
TGCCCAGGCCAAG—which includes overlapping
NF-1 and AP-2 sites. Other TGF-b1-regulated genes
with overlapping NF-1-like sites are cited in Table 1. No
study has yet identified the nuclear protein that binds to
the NF-1-like sites, although the functionality of these
NF-1 sites for induction by TGF-b1 and for binding of
nuclear proteins is consistently shown in mutagenized
constructs (Ritzenthaler et al., 1993; Iozzo et al., 1997;
Ogata et al., 1997). Quite different sequences mediate
regulation of another collagen family gene,a2(I), by
TGF-b1. Induction of a2(I) collagen by TGF-b1 in
fibroblasts is mediated by a complex sequence contain-
ing an overlapping AP-1 and NF-kB-like sequence but
that was not sensitive to competition by AP-1 or NF-kB
sequences (Chung et al., 1996). In lung carcinoma cells
(A-549), the autoinduction of TGF-b1 transcription is
mediated by an AP-1 (Jun-Fos) complex (Kim et al.,
1990). Recent studies characterize the Smad family of
transcription factors (especially Smad-2 and Smad-3) as
potent transducers of TGF-b1 signaling (Heldin et al.,
1997). Because a DNA binding domain has not been
identified so far, it is hypothesized that these proteins
form complexes with other DNA binding proteins to
activate transcription. Smad proteins also may mediate
early steps in TGF-b1 signaling (Vindevoghel et al.,
1998).

The near-upstream region of the GFAP promoter
lacks certain other motifs implicated in transcriptional

responses to TGF-b1 (Table 1 and Fig. 1), including
AP-1 in the a2(I) collagen promoter (Chung et al.,
1996), AP-2 in thea1(I) collagen promoter (Rit-
zenthaler et al., 1993), and the transforming growth
factor-b inhibitory element (TIE) of the transin/
stromelysin promoter (GNNTTGGtGA), which in-
cludes a required AP-1 site that binds Fos (Kerr et al.,
1990). Sequential deletion (Fig. 1) did not indicate
activity, with respect to TGF-b1, of the further up-
stream AP-1 site at21,509 bp.

These findings are also pertinent to the increasing use
of GFAP promoter constructs in transgenic animals. The
present findings on therat GFAP promoter raise the
possibility that thehumanandmurineGFAP promoters
used in transgenic studies might also be subjected to
cytokines; if so, then it would be important to consider
possible confounds from cytokine induction on the pro-
moter activity. For example, constructs of the full 59-
upstream GFAP region with alacZ reporter showed
vigorous induction in response to wounding (Mucke and
Rockenstein, 1993; Brenner et al., 1994). Because levels
of both TGF-b1 and IL-1b are increased by wounding
(Lindholm et al., 1992; Logan et al., 1992), we suggest
thatcis-acting elements that mediate TGF-b1 and IL-1b
effects could also mediate induction of GFAP expression
by brain injury. However, the brain regional differences
in responses to stab wounds (Mucke and Rockenstein,
1993) might represent local differences in the amount of
cytokines released. Because GFAP transcription is in-
duced by TGF-b1 and repressed by IL-1b, local cytokine
concentrations could determine the net response of
GFAP expression. Lastly, we note that Galbreath et al.
(1995) observed the variable penetrance of hydrocepha-
lus in transgenic mice that overexpress TGF-b1 under
the control of the GFAP promoter. Individual differences
in TGF-b1 mRNA levels that paralleled the degree of
hydrocephalus in mice, all of which carried the germ line
transgene, could reflect local variations in cytokine con-
centrations. Thus, mutagenesis to inactivate certain cy-
tokine and hormone response elements from GFAP pro-
moter constructs being used to drive overexpression in
astrocytes might reduce interanimal variations.

Acknowledgment: This work was supported by U.S. Public
Health Service grant AG 07909 to C.E.F. and a grant by the
German Academic Exchange Service (DAAD) to K.K.

REFERENCES

Abmayr S. M. and Workman J. L. (1995) Preparation of nuclear and
cytoplasmic extracts from mammalian cells, inCurrent Protocols
in Molecular Biology(Ausubel F. M., ed), pp. 12.1.1–12.1.6. John
Wiley and Sons, New York.

Angel P., Imagawa M., Chiu R., Stein B., Imbra R. J., Rahmsdorf H. J.,
Jonat C., Herrlic P., and Karin M. (1987) Phorbol ester-inducible
genes contain a commoncis element recognized by a TPA-
modulatedtrans-acting factor.Cell 49, 729–739.

Baeuerle P. A. and Baltimore D. (1989) A 65-kDa subunit of active
NF-kB is required for inhibition of NF-kB by I-kB. Genes Dev.3,
1689–1698.

J. Neurochem., Vol. 72, No. 4, 1999

1359GFAP RESPONSES TO TGF-b AND IL-1b



Brenner M., Kisseberth W. C., Su Y., Besnard F., and Messing A.
(1994) GFAP promoter directs astrocyte specific expression in
transgenic mice.J. Neurosci.14, 1030–1037.

Canady K. S. and Rubel E. W. (1992) Rapid and reversible astrocytic
reaction to afferent activity blockade in chick cochlear nucleus.
J. Neurosci.12, 1001–1009.

Chung K.-Y., Agarwal A., Uitto J., and Mauviel A. (1996) An Ap-1
binding sequence is essential for regulation of the human alpha2(I)
collagen (COL1A2) promoter activity by transforming growth
factor-b. J. Biol. Chem.271,3272–3278.

Courtois S. J., Lafontaine D. A., Lemaigre F. P., Durviaux S. M., and
Rousseau G. G. (1990) Nuclear factor-1 and activator protein-2
bind in a mutually exclusive way overlapping promoter sequences
andtrans-activate the human growth hormone gene.Nucleic Acids
Res.18, 57–64.

Dignam J. D., Lebovitz R. M., and Roeder R. G. (1983) Accurate
transcription initiation by RNA II in a soluble extract from iso-
lated mammalian nuclei.Nucleic Acids Res.11, 1475–1489.

Duguid J. R., Buomont C. W., Lieu N., and Tourtellote W. W. (1989)
Changes in brain gene expression shared by scrapie and Alzhei-
mer disease.Proc. Natl. Acad. Sci. USA86, 7260–7264.

Galbreath E., Kim S. J., Park K., Brenner M., and Messing A. (1995)
Overexpression of TGF-beta 1 in the central nervous system of
transgenic mice results in hydrocephalus.J. Neuropathol. Exp.
Neurol.54, 339–349.

Gil G., Osborne T. F., Goldstein J. L., and Brown M. S. (1988)
Purification of a protein doublet that binds to six TGG-containing
sequences of the promoter for hamster 3-hydroxy-3-methylglu-
taryl-coenzyme A reductase.J. Biol. Chem.263,19009–19019.

Giulian D. and Baker T. J. (1986) Characterization of ameboid micro-
glia isolated from developing mammalian brain.J. Neurosci.6,
2163–2178.

Gomi H., Yokoyama T., Fujimoto K., Ikeda T., Katoh A., Itoh T., and
Itohara S. (1995) Mice devoid of the glial fibrillary acidic protein
develop normally and are susceptible to scrapie prions.Neuron14,
29–41.

Heldin C. H., Miyazono K., and ten Dijke P. (1997) TGF-beta signal-
ling from cell membrane to nucleus through SMAD proteins.
Nature390,465–471.

Iozzo R. V., Pillarisetti J., Sharma B., Murdoch A. D., Danielson K. G.,
Uitto J., and Mauveil A. (1997) Structural and functional charac-
terization of the human perlecan gene promoter.J. Biol. Chem.
272,5219–5228.

Kaltschmidt B., Baeuerle P. A., and Kaltschmidt C. (1993) Potential
involvement of the transcription factor NF-kB in neurological
disorders.Mol. Aspects Med.14, 171–190.

Kerr L. D., Miller D. B., and Matrisian L. M. (1990) TGF-beta 1
inhibition of transin/stromelysin gene expression is mediated
through a Fos binding sequence.Cell 61, 267–278.

Kim S. J., Angel P., Lafyatis R., Hattori K., Kim K. Y., Sporn M. B.,
Karin M., and Roberts A. B. (1990) Autoinduction of transform-
ing growth factorb1 is mediated by the AP-1 complex.Mol. Cell.
Biol. 10, 1492–1497.

Krieglstein K., Suter-Crazzolara C., and Unsicker K. (1995) Neural
function of the transforming growth factors beta.Int. J. Dev.
Neurosci.13, 301–315.

Laping N. J., Morgan T. E., Nichols N. R., Rozovsky I. R., and
Finch C. E. (1994a) TGF-b1 induces neuronal and astrocyte
genes: tubulin-alpha1, GFAP and clusterin.Neuroscience58,
563–572.

Laping N. J., Teter B., Nichols N. R., Rozovsky I., and Finch C. E.
(1994b) Glial fibrillary acidic protein: regulation by hormones,
cytokines, and growth factors.Brain Pathol.4, 259–275.

Lindholm D., Castren E., Kiefer R., Zafra F., and Thoenen H. (1992)
Transforming growth factor-b1 in the rat brain: increase after
injury and inhibition of astrocyte proliferation.J. Cell Biol. 117,
395–400.

Logan A., Frautschy S. A., Gonzalez A.-M., Sporn M. B., and Baird A.
(1992) Enhanced expression of transforming growth factorb1 in
the rat brain after localized cerebral injury.Brain Res.587,216–
225.

Marigo V., Volpin D., Vitale G., and Bressan G. M. (1994) Iden-
tification of a TGF-b responsive element in the human elas-
tin promoter. Biochem. Biophys. Res. Commun.199, 1049 –
1056.

May P. C., Boggs L. N., Fuson K. S., Bender M., Li W., Miller F. D.,
Hyslop P., Calligaro D., Seubert P., Johnson-Wood K., Chen K.,
Games D., and Schenk D. (1997) GFAP as a marker of plaque
pathology in PDAPP transgenic mouse.Soc. Neurosci. Abstr.23,
1638.

McCall M. A., Gregg R. G., Behringer R. R., Brenner M., Delaney
C. L., Galbreath E. J., Zhang C. L., Pearce R. A., Chiu S. Y., and
Messing A. (1996) Targeted deletion in astrocyte intermediate
filament (GFAP) alters neuronal physiology.Proc. Natl. Acad.
Sci. USA93, 6361–6366.

McCarthy K. D. and de Vellis J. (1980) Preparation of astroglial and
oligodendroglial cell cultures from rat cerebral tissue.J. Cell Biol.
85, 890–902.

Miura M., Tamura T., and Mikoshida K. (1990) Cell-specific
expression of the mouse glial fibrillary acidic protein gene:
identification of thecis- and trans-acting promoter elements
for astrocyte-specific expression.J. Neurochem.55, 1180 –
1188.

Morgan T. E., Rozovsky I., Goldsmith S. K., Stone D. J., Yoshida T.,
and Finch C. E. (1997) Increased transcription of the astrocyte
gene GFAP during middle-age is attenuated by food restriction:
implications for the role of oxidative stress.Free Radic. Biol.
Med.23, 524–528.

Mucke L. and Rockenstein E. M. (1993) Prolonged delivery of trans-
gene products to specific brain regions by migratory astrocyte
grafts.Transgene1, 3–9.

Novak U., Cocks B. G., and Hamilton J. A. (1991) A labile repressor
acts through the NF-kB-like binding sites of the human urokinase
gene.Nucleic Acids Res.19, 3389–3393.

Ogata Y., Niisato N., Furuyama S., Cheifetz S., Kim R. H., Sugiya H.,
and Sodek J. (1997) Transforming growth factor-b1 regulation of
bone sialoprotein gene transcription: identification of a TGF-b
activation element in the rat BSP gene promoter.J. Cell. Biochem.
65, 501–512.

Oh Y. J., Markelonis G. J., and Oh T. H. (1993) Effects of interleu-
kin-1b and tumor necrosis factor-a on the expression of glial
fibrillary acidic protein and transferrin in cultured astrocytes.Glia
8, 77–86.

Riccio A., Pedone P. V., Lund L. R., Olesen T., Olsen H. S., and
Andreasen P. A. (1992) Transforming growth factorb1-respon-
sive element: closely associated binding sites for USF and
CCAAT-binding transcription factor-nuclear 1 in the type 1
plasminogen activator inhibitor gene.Mol. Cell. Biol. 12,
1846 –1855.

Ritzenthaler J. D., Goldstein R. H., Fine A., Lichter A., Rowe D. W.,
and Smith B. D. (1991) Transforming-growth-factor-b activation
elements in the distal promoter regions of the rata1 type I
collagen gene.Biochem. J.280,157–162.

Ritzenthaler J. D., Goldstein R. H., Fine A., and Smith B. D. (1993)
Regulation of thea1(I) collagen promoter via a transforming
growth factor-b activation element.J. Biol. Chem.268, 13625–
13631.

Rossi P., Karsenty G., Roberts A. B., Roche N. S., Sporn M. B., and de
Crombrugghe B. (1988) A nuclear factor 1 binding site mediates
the transcriptional activation of type I collagen promoter by trans-
forming growth factor-b. Cell 52, 405–414.

Rozovsky I., Laping N. J., Krohn K., Teter B., O’Callaghan J. P., and
Finch C. E. (1995) Transcriptional regulation of GFAP expression
by corticosterone in vitro is influenced by the duration of time in
culture and by neuron–astrocyte interactions.Endocrinology136,
2066–2073.

Selmaj K., Shafit-Zagardo B., Aquino D. A., Farooq M., Raine C. S.,
Norton W. T., and Brosnan C. F. (1991) Tumor necrosis factor-
induced proliferation of astrocytes from mature brain is associated
with down-regulation of glial fibrillary acidic protein mRNA.
J. Neurochem.57, 823–830.

Shibuki K., Gomi H., Chen L., Bao S., Kim J. J., Wakatsuki H.,
Fujisaki T., Fujimoto K., Katoh A., Ikeda T., Chen C., Thompson

J. Neurochem., Vol. 72, No. 4, 1999

1360 K. KROHN ET AL.



R. F., and Itohara S. (1996) Deficient cerebellar long-term depres-
sion, impaired eyeblink conditioning and normal motor coordina-
tion in GFAP mutant mice.Neuron16, 587–599.

Steward O., Torre E. R., Phillips L. L., and Trimmer P. A. (1990) The
process of reinnervation in the dentate gyrus of adult rats: time
course of increases in mRNA for glial fibrillary acidic protein.
J. Neurosci.10, 2373–2384.

Stone D. J., Song Y., Anderson C. P., Krohn K. K., Finch C. E., and
Rozovsky I. (1998) Bidirectional transcriptional regulation of glial
fibrillary acidic protein by estradiol in vivo and in vitro.Endocri-
nology139,3202–3209.

Supakar P. C., Jung M. H., Song C. S., Chatterjee B., and Roy A. K.
(1995) Nuclear factor kappa B functions as negative regulator for
the androgen receptor gene and NF-kappa B activity increases

during the age-dependent desensitization of the liver.J. Biol.
Chem.270,837–842.

Vindevoghel L., Kon A., Lechleider R. J., Uitto J., Roberts A. B., and
Mauviel A. (1998) Smad-dependent transcriptional activation of
human type VII collagen gene (COL7A1) promoter by transform-
ing growth factor-beta.J. Biol. Chem.273,13053–13057.

Williams T. and Tjian R. (1991) Analysis of the DNA-binding and
activation properties of the human transcription factor AP-2.
Genes Dev.5, 670–682.

Zutter M. M., Santoro S. A., Painter A. S., Tsung Y. L., and Gafford A.
(1994) The human alpha 2 integrin gene promoter. Identification
of positive and negative regulatory elements important for cell-
type and developmentally restricted gene expression.J. Biol.
Chem.269,463–469.

J. Neurochem., Vol. 72, No. 4, 1999

1361GFAP RESPONSES TO TGF-b AND IL-1b


