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In the present study, we examined the ability of regions up
to 10.8 kb upstream of the transcriptional start site to
stimulate transcription of the luciferase gene in response to
an increase in intracellular cCAMP. The results show that this
10.8 kb and portions thereof confer the cAMP-responsive
increase in transcription. The region from —10.8 kb to —0.5
kb includes areas with additive enhancing effects in all cell
types, and these effects are cAMP-responsive. The region
between —240 bp and —110 bp has a prominent effect in the
glial-cell type RT4-D and a modest effect in the stem-cell type
RT4-AC. This region consists of two adjacent areas, one
exerting a negative regulatory effect and the other exerting a
positive regulatory effect in response to cAMP. These find-
ings introduce another mode of cAMP-responsive regulation
and provide a foundation for future studies on cAMP-
responsive elements and binding factors responsible for the
induction of GFAP gene expression. Our results also show
that an expression vector pRLgfap-1, containing both up-
stream and downstream regulatory regions, responds to
forskolin as the endogenous GFAP gene does in the glial-cell
type RT4-D (11, 13) but is not expressed and does not respond
to forskolin in the neuronal-cell type RT4-E.

MATERIALS AND METHODS

Isolation of the Rat Genomic GFAP Clone and Construction
of Expression Vectors. Two rat liver genomic libraries were
used for the present studies; one was constructed in our
laboratory with a Agt10 vector, and the other was purchased
from Clontech in the cosmid vector EMBL-3. Using the
mouse GFAP cDNA [from N. J. Cowan (24)] as a probe, we
isolated a 24-kb fragment of rat DNA that covered the entire
coding region of GFAP (=10 kb), 10.8 kb of the 5'-flanking
region upstream of the transcriptional start site, and 3 kb of
the 3'-flanking region downstream of the polyadenylylation
site. The 2-kb fragment immediately upstream of the tran-
scriptional start site was sequenced by the dideoxynucleotide
chain-termination method (25) using a Sequenase kit pur-
chased from United States Biochemical. The transcriptional
start site was determined by RNase protection and primer-
extension assays (26, 27). The promoterless luciferase ex-
pression vector pXP1, which contains two simian virus 40
(SV40) polyadenylylation signals, the entire coding region of
the luciferase cDNA, and another SV40 polyadenylylation
signal in the respective order, and pSluc2, which contains an
SV40 promoter upstream of the luciferase cDNA, were from
J. R. de Wet (21) and S. K. Nordeen (22), respectively. A
series of luciferase expression vectors (pGLs) were con-
structed by inserting various portions of the 5’-upstream
region of the GFAP gene into pXP1. The 5’-serial deletions
of the 10.8-kb 5’-upstream of the GFAP gene were made by
inserting it into the multiple cloning site of pXP1 and using
restriction enzymes, exonuclease III, and mung bean nucle-
ase. The restriction enzymes used to generate deletions are
listed in the Fig. 2 legend. The construction of pRLgfap-1 was
described (23) as that of pGL2+BS+SB. The plasmid pSluc2
was used as a positive control for transfection assays.

Cell Lines and Transfection Assays. The RT4 cell lines were
previously established and characterized in our laboratory (9,
12). The subclonal cell lines of the RT4 system used in this
study were RT4-AC36A (a stable variant of the neural
stem-cell type cell line; ref. 13), RT4-D6 (a glial-type cell
line), and RT4-E5 (a neuronal-type cell line). Cells were
cultured in Dulbecco’s modified Eagle’s medium/10% calf
serum/2% fetal calf serum (Irvine Scientific) in a humidified
atmosphere with 10% CO,. Plasmids used for transfections
were subjected to two rounds of CsCl equilibrium ultracen-
trifugation, and transfection experiments were done with a
calcium phosphate method (28). For transient transfection
assays, RT4-AC36A and RT4-D6 cells were exposed to 8 ug
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of DNA per 60-mm culture dish for 18 hr. RT4-ES cells were
exposed to DNA for 3 hr in the presence of chloroquine (0.1
mM), subsequently shocked with 10% (vol/vol) glycerol for
2 min before changing to fresh medium. After exposure to
DNA, cells were incubated for 72 hr in fresh medium,
containing 1 mM dibutyryl-cAMP or 25 uM forskolin, where
appropriate. Luciferase activity was then assayed enzymat-
ically by using the luciferase assay system (Promega) and
model 20e luminometer (Turner Designs, Palo Alto, CA). For
each experiment, transient transfection of individual cell
types with pSluc2 (22) was done for standardization of
transfection efficiency between different cell types.

RESULTS

Sequence and Transcriptional Start Site. The nucleotide
sequence of the 2 kb of the 5'-flanking region (Fig. 1A4)
showed 94% homology to that of the mouse sequence pre-
viously reported (26, 27). The transcriptional start site was
determined by RNase protection and primer-extension as-
says (data not shown) using poly(A)* selected RNA isolated
from the glial-type cell line RT4-D6. The results from both
assays showed a single transcriptional start site that corre-
sponds identically to the position of the mouse GFAP tran-
scriptional start site previously reported (26, 27) (Fig. 1B).

cAMP-Responsive Regulation by 5’-Upstream Regions. Pre-
vious in vivo studies showed that RT4-D6 cells express GFAP
when cultures reach confluency or when subconfluent cul-
tures were exposed to dibutyryl-cAMP for 2-3 days (11, 13).
A permanent transfection experiment illustrated that the 2 kb
upstream of the GFAP transcription start site confers CAMP
responsiveness (at least 6-fold stimulation) to the luciferase
reporter gene within a similar time frame using the same cell
type (data not shown).

Expression of the vectors that consist of a series of
5'-deletions of the 10.8-kb 5’-upstream region of the GFAP
gene and the luciferase reporter gene was examined by
transient transfection of RT4-AC36A, RT4-D6, and RT4-ES
cells (Fig. 2). When the 10.8-kb fragment was progressively
deleted in the expression vectors, gradual declines in lu-
ciferase activities were observed in all cell types, both with
and without dibutyryl-cAMP. In RT4-AC36A and RT4-Dé,
this trend continued until the deletion reached —643 bp from
the transcriptional start site (Fig. 2 A and C). In RT4-AC36A
and RT4-D6, all constructs containing >240 bp of the 5'-
flanking region enhanced expression of luciferase in response
to dibutyryl-cAMP treatment by =2-fold, as compared with
untreated counterparts (Fig. 2 A and C). The cells were
almost confluent when they were harvested 72 hr after
transfection; therefore some expression of luciferase is ex-
pected even without dibutyryl-cAMP treatment. In RT4-ES
cells, constructs with 3.8 kb and 10.8 kb 5’-upstream frag-
ments showed a response to dibutyryl-cAMP (Fig. 2D), and
the decline in luciferase activity as well as induction by
dibutyryl-cAMP were no longer observed when the deletion
reached —1.5 kb relative to the transcriptional start site (Fig.
2D).

A remarkable feature was observed in RT4-D6 cells when
the 5’-deletion reached =—170 bp from the transcriptional
start site [~, exact nucleotide positions are not known (see
Fig. 2 legend)]. With dibutyryl-cAMP treatment, the expres-
sion level of this construct was enhanced =5-fold, a level
similar to that of the construct carrying the entire 10.8 kb of
the GFAP 5'-flanking region. This increase in cAMP-induced
expression was also observed upon deletion of the region
between ~240 bp and =170 bp relative to the transcriptional
start site, suggesting the presence of a strong negative
regulatory element in this area. A further deletion removing
the area between ~—170 bp and =~—110 bp relative to the
transcriptional start site completely extinguished the enhanc-
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TCCCCCCCCC CTACTGTGCC ACTGTTCAGG ATTGGGGAAG ATGTGCCTGG AGCCTAAGGG GCTCTCCCTG TCCCTATAGT AGGACTCACT AAAGGAACCT
CAGCAAAGCA GCCCATTGTA AGCTCAATCG AATACCGTGT CCCTGGTATG GAGTAGAGGA TGTGGCTATG ACAGGAACTC AGGGGTCTTA AATGGCTTGA
GTGCTGGGAG AGGCAAGCAG CCAGGCCTGG TCTGTAAGCT GGAAGTCTGG CAGTGCTGAG CTGGCCAACC CCCTCAGGAC CTCCTCCTTG TGCCCACTGA
ATGACTCACC TTGGCATAGA CATAATGGTC AGGGGCGGGC ACACAGCCTG ATTCCGCTGC ACTCCAGGCC CCCTTCAATG CTTTCCGAGA AGTCCATTGA
GCTGGGAGCT TGTACTGCAC CAAGGGCTGA CATCCTGGCA GCCAGGGATG AAAGCACCGC ATGGGGCTAC CCTTGCCGTA TGCCTCACTG GCGGCAGAGA
ACAAGGCTCT ATTCAGCAAA TGCCCTGGAG TAGACACCAG AAGTCCAAGC ATGGGCAGAG GAAGGCAGGC GTTGGGGGCT GGAGGGGAGC AGAGCTGTCT
GTTTTCCAGA AGCCCAAGGG TACAGATGGC GCCATGGGGG GGAACTGAGT GGAGGGGATA GATGGGCCTG AGATCTCAAA CATCAACAGC CTCCTCCCCA
CCAACGATGA AGGTGGAGGT TGGTTTCCCA GACCTACATA TCCCCCAGAG ACCTGGTGTA TGAAAATTCA AAGGAGGTAA GTCTCCTGAG AGAACGGGGG
GCTCACAAAT GAAGCCAGCT GTCTTACCCT ATCAGGACCT ACGTTGCATT CCTTCTGTCC TGCCCCCTAA ACACACAGCC AGAGGCTCAA ATTGATTCTG
GAGTCACAAA GGGGGCTTGA AACCCAGCCC CCACTCCTGA ACTCCAGGAA TGAGAAGATA GTATTGGAGG GGTTCAGAGG AGAGGGCTCT GCACATCTGT
TGAGAATGGG GGTCCCAGGA GAGTGTAATT TAGGCTGATC CCGGAGGAAG GGAATAGGCT CTTCAAGATC CTAGCATCTC ACAGGCCCAC AGAGAAGTTC
AGAGTTGGGG CAGCCCTGGC TTACAGGCTC TAAGAACTGG AGGCAGTTTA CCCAACCCAG CTGTGTGCAT GCTGTCCCTC TCTCTGTCTC TGTCTGTCTC
TCTCTGTCTC TGTCTCTGTG TGTGTGTGTG TGTGCTCACA CACGTGTGTG TTTATCACAC AAATGTTCAT GTGTGTGTAC ATACATGTGT TGAGGCCAGA
GGTCAACCTC AGACACTGTT GACTTGGTTG TCTGAGATAA CATTTCCCCC TGGGACCTGG GATTTGCCAA TTAGTGTGAC CCAGGAAGCC TACTTATTTT
CATTCCTCAG CACTGCAGTT ACAAGTATGC ACTGTcaaac caggcctttt TTTTTTTTTT TTCcaaacca ggccttttGT ATTCGCTCTG TGGCTAGAAC
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CCACCCCCTC AGGCTATTCA ATGGGGTGCT GCCAGGAAGT CAGGGGCAGA TCCAGTCCAG CCCGTCCCTC AATAAAGGCC C'IGACATCCC AGGAGCCAGC
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Rat GFAP sequence Linker Luciferase gene

FiGc. 1. Two-kilobase nucleotide sequence of the rat GFAP gene 5’-flanking region (A) and the sequence of the junction with the luciferase
gene cDNA of the expression plasmids in this study (B). (A) Numbers represent the nucleotide position relative to the transcriptional start site
(+1). CAAT box and TATA box homologues and the first ATG codon are indicated in boldface type. The single-underlined area represents a
negative regulatory area (=—240 bp to =—170 bp), and the double-underlined area represents a positive regulatory area (=—170 bp to =~—110
bp) of GUR1 [=, exact nucleotide positions for these areas are not known (see the legend of Fig. 2)]. A 15-bp (CAAACCAGGCCTTTT) repeat
is found in the area of —365 bp to —323 bp, which is shown in lowercase letters. This sequence appears also in the mouse GFAP 5’'-flanking
region at the similar position but is not repeated. In the 3’-untranslated region of the mouse GFAP gene (nt 8653—8668 in ref. 27), the same 15
bp appear as an inverted sequence. Currently, no functional information about the sequence is known. (B) Presented is the junction sequence
of the transcriptional start site of the GFAP gene and luciferase cDNA that is common to the series of expression vectors used in this work.
The same junction was used for the construction of pRLgfap-1 plasmid (pGL2+BS+SB in ref. 23). A bent arrow shows the transcriptional start
site. Large capital letters designate nucleotide sequence of the GFAP gene, small capital letters with a broken underline indicate the remaining
linker sequence (22), and those with a solid thick underlining represent a 5'-part of luciferase cDNA sequence (21).

ing effect observed by removing =~—240bp to =—170 bp area,
suggesting the presence of a strong positive element in the
area between =~—170 bp and =—110 bp. This complex area
(=—240 bp to =—110 bp), where we see an activity ‘‘peak’’
(Fig. 2 A and B) is termed the GFAP upstream regulatory area
1 (GUR1).

The stem-cell line RT4-AC36A also expresses GFAP in a
dibutyryl-cAMP-responsive manner (11, 13). As shown in
Fig. 2C, transient transfection assays of RT4-AC36A using
the same 5’ deletion series of GFAP expression vectors as
described above showed a cAMP response similar to that of
RT4-D6, although the ‘‘peak’’ region was less pronounced.

The neuronal-cell line RT4-ES does not exhibit any glial
properties so far examined. Expression of the GFAP gene has
never been observed in immunochemical staining, by North-
ern hybridization, or by immunoblot assays in RT4-E cells
(11, 13). However, luciferase expression vectors carrying
only the 5'-flanking regions of the GFAP gene were ex-
pressed in RT4-ES cells to almost the same level as the
positive control plasmid, pSluc2 (SV40 promoter-driven lu-
ciferase; Fig. 2D). This result is not too surprising due to the
fact that we have recently discovered that both tissue-specific
and cell type-specific negative regulatory areas of the rat
GFAP gene lie downstream of the transcriptional start site in
two areas termed GDR1 and GDR2 (23), respectively. In
contrast to the glial-cell type RT4-D6 and the stem-cell type
RT4-AC36A, the neuronal-cell type RT4-ES did not show the
“‘peak’’ of luciferase expression in the area between ~—240
to =—110 bp (Fig. 2D). We have shown previously that
RT4-B8 and RT4-ES undergo long-term morphological
changes including neurite-like extension upon dibutyryl-
cAMP treatment (10), indicating that the neuronal-cell type is

also affected by dibutyryl-cAMP. These results indicate that
the negative and positive regulatory effects of the ‘‘peak’’
region seem specific to the glial-cell type (and to a lesser
extent in the neural stem-cell type), whereas the cAMP-
responsive elements in 5’ far upstream regions are not
cell-type specific.

cAMP-Responsive Expression of the GFAP Regulatory Plas-
mid pRLgfap-1. The present work establishes that there are
no apparent elements in the 10.8-kb upstream region of the
GFAP gene that are responsible for the tissue- and cell-type-
specific suppression of the gene. Recently, we have con-
structed expression vectors that mimic the expression of the
endogenous GFAP gene in both neuronal- and glial-cell types
(23). One of the vectors [pGL2+BS+SB in ref. 23, which is
renamed here as pRLgfap-1] includes the two downstream
regulatory areas [GDR1 (2.7 kb) and GDR2 (1.5 kb) contain-
ing silencers] that regulate the luciferase gene in the vector,
in addition to the 2-kb upstream region of the GFAP gene, all
upstream of the transcriptional start site. In this work, we
have examined the cAMP response of the expression vector
pRLgfap-1 by transient transfection assay in the presence and
absence of forskolin. The expression vector showed a con-
sistent increase of luciferase expression in forskolin-treated
RT4-D6 cells in comparison with untreated RT4-D6 cells, and
the vector showed hardly any expression in RT4-ES, even
when treated with forskolin (Fig. 3). Shown here, as in
previous work on the downstream negative regulatory areas
(23), the expression of pRLgfap-1 mimics the pattern of
GFAP expression in glial- and neuronal-cell types and now
also with respect to cAMP responsiveness. However, be-
cause the pRLgfap-1 plasmid contains only 2 kb of the
S'-upstream sequence, the expression of the plasmid in the
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FiG. 2. Transient transfection assays of RT4 cell lines with the
luciferase expression vectors containing various lengths of the rat
GFAP 5'-flanking region. Values are indicated as relative activities
of luciferase to control plasmid pSluc2 (SV40 promoter). (A) RT4-D6
(glial-cell type). (B) Expansion of the peak area of A. (C) RT4-AC36A
(neuronal-stem-cell type. (D) RT4-ES (neuronal cell type). O, Lu-
ciferase activities of dibutyryl-cAMP treated cells; ®, activities of
untreated cells. All values are the average of three to eight indepen-
dent experiments. Each data point represents the 5’ end of the
undeleted portion of the upstream region from the transcriptional
start site. The nucleotide positions (5’ end) of the data points within
the 2-kb upstream region are —1856 bp (EcoRI), —1538 bp (Bal 1),
—1169 bp (Nco I), —1130 bp (Bal II), =~—850 bp, —643 bp (Pvu II),
=-380 bp, =—240 bp, =—170 bp, and —110 bp (Apa I). Positions
with = indicate that deletions were made by exonuclease III, and the
nucleotide positions were estimated by gel electrophoresis; because
these positions are not exact, they are shown to the nearest 10 bp.

glial-cell type (Fig. 3) is somewhat lower than that of the
plasmids with larger 5’'-upstream sequences (i.e., 3.8 kb and
10.8 kb), as expected from the results of Fig. 2.

DISCUSSION

We emphasize three results from this study. (i) Luciferase
expression vectors containing the 5’'-flanking region up to
10.8 kb are expressed in the neuronal-cell type RT4-E as well
as in the stem-cell type RT4-AC36A and the glial-cell type
RT4-D. This result indicates that within the 10.8-kb region
there are no cell-type-specific regulatory elements that com-
pletely suppress GFAP gene expression in the neuronal-cell
type RT4-ES. (ii) Negative and positive cAMP-responsive
elements exist adjacent to one another within the GUR1 area
(=—240 bp to =—110 bp) that are functional in the stem-cell
type RT4-AC36A and the glial-cell type RT4-D6 but are not
functional in the neuronal-cell type RT4-ES. (iii) In the
far-upstream regions (between —10.8 kb and —1.5 kb), cell-
type-nonspecific CAMP response was observed.

The following is our working hypothesis explaining the
results on the cAMP-responsive regulation of the GFAP gene
(Fig. 2). In glial-type cells, when the intracellular cCAMP level
is low or when cells have not yet initiated maturation pro-
cesses, a negative factor (repressor) binds to the 5’-upstream
area of the GUR1 (=-240 bp to =—170 bp) region, and the
complex keeps GFAP gene expression at the minimal level.

N&a

pRLgfap-1 (T)

Relative Luciferase Activity

RT4-D6

RT4-E5

FiG. 3. Response of the regulatory expression vector pRLgfap-1
to forskolin. Cells were transfected with pSluc2 (an SV40-driven
luciferase vector) or pRLgfap-1 (the cAMP-responsive GFAP regu-
latory plasmid) and either treated with 25 uM of forskolin (T) or not
treated (UT). Luciferase activity was measured in all cultures 72 hr
after forskolin treatment. This activity was standardized for each
culture by measuring the protein content of the cell lysates (Bradford
Assay; Bio-Rad) and presenting the data in terms of light units per ug
of total cell protein relative to that of untreated pSluc2. One
microgram of the cellular protein corresponds to =10 cells, which,
in turn, calculates to 103 light units per cell.

Intracellular cAMP may induce two protein factors: (i) A
putative cAMP-induced modulating factor (not cell-type-
specific) interacts with the negative regulatory factor and
either removes or otherwise inactivates the negative factor,
and (ii) a positive regulatory factor (dibutyryl-cAMP respon-
sive and active only in RT4-D6 and RT4-AC36A cells) binds
to the positive element (between =~—170 bp and ~—110 bp)
to enhance transcription. Once the intracellular cAMP level
is high enough, the negative factor bound to the 5’ area of
GURLI is removed or inactivated, and the expression level of
GFAP is increased by the binding of a positive factor to the
element between =~—170 bp and =—110 bp in RT4-D cells.
The height of the ‘‘peak’ of cAMP-dependent activity of
GUR1 in RT4-D6 cells suggests that the putative positive
binding factor is also induced by cAMP. A possibility for the
removal of the putative repressor could be by a similar
mechanism to that proposed for the regulation of the mouse
proliferin gene by glucocorticoid (29), although in the case of
the GFAP gene, transcription factor AP-1 binding elements
are not found in the region of the peak. In the proliferin gene,
the glucocorticoid-receptor complex binds to an element and,
depending on either Jun/Jun homodimer or Jun/Fos het-
erodimer being bound to the same element, the promoter
activity is enhanced or repressed, respectively (29). To test
these possibilities, further analysis of the peak area is under-
way.

The above complex feature of the cAMP-responsive reg-
ulation in GFAP may explain the difference in the cAMP
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response between the S1008 and GFAP genes. In the case of
the S1008 gene, deletion analyses similar to those presented
in this paper on GFAP have shown that the S1008 gene has
only a positive area, between —500 bp and —100 bp upstream
of the transcription start site (N.H. and N.S., unpublished
results). The difference in the cAMP effect between these two
glial genes could reflect a more complex control of the cAMP
response in the GFAP gene than in the S1008 gene (11).
Further analyses of the GURI1 region, including DNA-
protein interaction analyses and the isolation and character-
ization of binding proteins in the presence and absence of
intracellular cAMP-enhancing agents, should reveal primary
effectors of the cAMP induction of GFAP expression.

Our work on the RT4 cell lines RT4-AC36A and RT4-D6
has shown that dibutyryl-cAMP or forskolin treatment en-
hances expression levels of GFAP (11, 13), S1008(7, 11, 13),
suppressed cAMP inducible POU (SCIP), protein PO, and
2',3'-cyclic 3’-nucleotide phosphodiesterase (14), increases
high-affinity y-aminobutyric acid uptake (10), and weakly
induces myelin basic protein (MBP) in RT4-AC36A and
strongly in RT4-D6 cells (14, 15). The concurrent stimulation
of the expression of these glial genes by cAMP indicates that
intracellular cAMP may act as a general regulatory factor in
the induction of glial maturation both in vivo and in culture.
Because the cAMP effect on the expression of these glial
genes is not apparent until 2-3 days after the addition of
dibutyryl-cAMP or forskolin, the effect of cCAMP on glial
gene expression is likely to be regulated through a complex
series of events involving several factors. These factors could
simultaneously affect expression of glial genes.

The fact that the cAMP response by GURI1 (peak area) was
limited to the glial-cell type (and the neural stem-cell type to
a lesser extent) indicates that this response is cell-type-
specific. This result may explain why earlier studies by others
with the 2-kb upstream region (30, 31) suggested that up-
stream elements are sufficient for the cell-type-specific reg-
ulation of GFAP expression. These earlier studies may have
observed the intracellular cAMP-enhanced expression in the
glial-type cells, and the basal levels of activity in neuronal or
other tissue-derived cell lines may have been dismissed
because the basal levels were low compared with the en-
hanced expression in glial-cell types. .

The expression vector pRLgfap-1, which contains both the
upstream and downstream regulatory areas of the GFAP gene
and expresses luciferase in both a tissue- and a cell-type-
specific manner (23), also responds to the elevated levels of
cAMP in glial cells. This vector is therefore potentially useful
as a vector for targeting a protein to be expressed exclusively
in glial-cell types and to be regulated by intracellular cAMP
in a cell-type-specific manner.
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