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Brain fatty acid-binding protein (B-FABP) is ex-
pressed in the radial glial cells of the developing central
nervous system as well as in a subset of human malig-
nant glioma cell lines. Most of the malignant glioma
lines that express B-FABP also express GFAP, an inter-
mediate filament protein found in mature astrocytes.
We are studying the regulation of the B-FABP gene to
determine the basis for its differential expression in
malignant glioma lines. By DNase I footprinting, we
have identified five DNA-binding sites located within
400 base pairs (bp) of the B-FABP transcription start
site, including two nuclear factor I (NFI)-binding sites at
—35 to —58 bp (footprint 1, fpl) and —237 to —260 bp
(fp3), respectively. Competition experiments, supershift
experiments with anti-NFI antibody, and methylation
interference experiments all indicate that the factor
binding to fpl and fp3 is NFI. By site-directed mutagen-
esis of both NFI-binding sites, we show that the most
proximal NFI site is essential for B-FABP promoter ac-
tivity in transiently transfected malignant glioma cells.
Different band shift patterns are observed with nuclear
extracts from B-FABP(+) and B-FABP(-) malignant gli-
oma lines, with the latter generating complexes that
migrate more slowly than those obtained with
B-FABP(+) extracts. All bands are converted to a faster
migrating form with potato acid phosphatase treatment,
indicating that NFI is differentially phosphorylated in
B-FABP(+) and B-FABP(-) lines. Our results suggest
that B-FABP expression in malignant glioma lines is
determined by the extent of NFI phosphorylation which,
in turn, is controlled by a phosphatase activity specific
to B-FABP(+) lines.

Malignant gliomas are believed to be derived from the astro-
cytic cell lineage because they contain bundles of cytoplasmic
glial fibrillary acidic protein (GFAP),! an intermediate filament
protein specifically expressed in differentiated astrocytes.
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There is an inverse relationship between the number of GFAP-
positive cells and aggressive behavior in glioma tumors. Glio-
blastoma multiforme, the most common and aggressive glioma,
often have low GFAP expression, while low grade astrocytomas
usually have high levels of GFAP (1-4). In vitro studies directly
correlate GFAP expression with a less aggressive behavior (5).
Transfection of a GFAP expression vector into GFAP(—) ma-
lignant glioma cells results in decreased cell proliferation and
decreased growth in soft agar (6, 7). Conversely, transfection of
a GFAP antisense vector into a GFAP(+) line results in unde-
tectable GFAP expression and increased proliferation rate, an-
chorage-independent growth, and invasiveness (8).

We have previously shown that GFAP(+) malignant glioma
lines express a second glial cell marker, brain fatty acid-bind-
ing protein (B-FABP) (9). Of 15 malignant glioma lines tested,
5 co-expressed B-FABP and GFAP, 8 expressed neither gene,
while 2 had low levels of B-FABP and undetectable levels of
GFAP. B-FABP is a 15-kDa protein normally found in the
radial glial cells of the developing central nervous system as
well as in select glial cell populations of the adult brain includ-
ing glia limitans cells and Bergmann glial cells (10, 11). B-
FABP expression has been implicated in the establishment of
the radial glial fiber system which serves to guide immature
migrating neurons to their correct location in the central nerv-
ous system (10, 12). Addition of anti-B-FABP antibody to pri-
mary cultures of cerebellar cells prevents both the extension of
radial glial processes and the migration of neuronal cells along
these processes, suggesting a role for B-FABP in relaying in-
ductive signals required for glial cell differentiation.

It is generally believed that radial glial cells are converted
into astrocytes once neuronal migration in the developing brain
is complete (13). Co-expression of GFAP and B-FABP in the
same malignant glioma cells (9) therefore suggests that these
tumors are derived from cells that have the potential of ex-
pressing proteins that are normally produced at different
stages in the glial differentiation pathway. We are studying the
regulation of the B-FABP gene in order to identify transcrip-
tion factors involved in the regulation of glial genes in malig-
nant glioma and understand the basis for the variation in
B-FABP expression in different malignant glioma lines. By
sequencing and DNase I footprinting, we have identified two
NFI-binding sites in the promoter region of the B-FABP gene.
We present evidence that a phosphatase specifically expressed
in B-FABP(+) cells is responsible for differential expression of
the B-FABP gene in malignant glioma lines.

amphenicol acetyltransferase; MES, 4-morpholineethanesulfonic acid;
fp1, footprinting region 1.
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MATERIALS AND METHODS

Cloning the Human B-FABP Promoter—Isolation of the human B-
FABP gene has been previously described (9). A 3-kb EcoRI fragment
containing exons I, IT, and 1.8 kb of 5’'-flanking DNA was subcloned into
pBluescript and sequenced. The B-FABP transcription start site was
mapped by primer extension using primer 5-CTCTTTAGAGACAG-
GAGCGGGGATC-3' located at position +43 to +67 bp in the 5'-un-
translated region.

Transfection of Malignant Glioma Cell Lines—A series of constructs
with different amounts of 5’-flanking DNA (1.8 kb, 1.2 kb, 660 bp, 240
bp, and 140 bp) were linked to the chloramphenicol acetyltransferase
(CAT) reporter gene and introduced into the U251 malignant glioma
line by calcium phosphate-mediated DNA transfection. Cells were har-
vested 60 h after transfection and CAT activity measured using the
protocol supplied by Promega. To control for plate to plate variation in
transfection efficiency, Hirt DNA was isolated and quantitated by den-
sitometric scanning of Southern blots (14). Samples generating a
greater than 2-fold variation in transfection efficiency based on Hirt
DNA analysis were discarded.

Site-directed mutagenesis of the fpl and fp3 NFI DNA-binding sites
was carried out by the method of Hemsley et al. (15). To introduce
mutations in the fpl NFI-binding site, inverse polymerase chain reac-
tion was performed on pCAT-240 using pfu polymerase (Stratagene)
and the head-to-head mutagenic primer set 5'-ATCACTAAATTTTTG-
CCCACCCTC-3' and 5'-TTAAATTGCAAACACACCCC-3’ (the NFI-
binding site is in bold, underlined nucleotides represent the GG to AA
mutation). After gel purification and recircularization, mutagenesis of
the NFI-binding site was confirmed by automated sequencing (ABI
Prism 310). A 190-bp Xhol/Xbal fragment containing the mutagenized
fpl NFI-binding site was exchanged for the corresponding wild type
fragment in pCAT-1.8 to generate pCAT1.8(fp1*). To introduce mutat-
ions in the fp3 NFI-binding site (pCAT-1.8(fp3*)), we used mutagenic
primers 5'-AGCCCCATAAAATCCCTGCCGAG-3’ and 5'-GGAGGCA-
GGGAACGGGAAAATGAG-3'. The double mutant construct (pCAT-
1.8(fp1#3*)) combines both the fp1 and fp3 mutations and was obtained
by replacing the 1629-bp wild type EcoRI/Xhol fragment of
pCAT1.8(fp1*) with the corresponding region of pCAT-1.8(fp3%).

DNase I Footprinting Analysis—DNA probes labeled at one end were
produced by linearizing plasmids containing either a 228-bp Alul frag-
ment (=13 to —240 bp) or a 281-bp EcoO1091/Xhol fragment (—138 to
—418 bp) with Xbal or HindIIl (enzymes that cut in the polylinker
region), respectively, and filling-in with Klenow polymerase in the
presence of [a-*?P]dCTP. Radiolabeled DNA fragments were released
by digesting with either HindIII or Xbal, respectively, and purifying the
DNA by gel electrophoresis and electroelution. The G + A chemical
sequencing reaction was according to Belikov and Wieslander (16).
Nuclear extracts were prepared from malignant glioma cell lines as
described (17).

DNase I footprinting was carried out as described previously except
that polyvinyl alcohol was omitted from the binding buffer (18). Briefly,
radiolabeled DNA probe (10 fmol) was incubated with the indicated
malignant glioma nuclear extracts (20 ug) in binding buffer for 15 min
on ice, followed by 2 min at room temperature. An equal volume of 5 mMm
CaCl,, 10 mm MgCl, was added, followed by DNase I (Worthington,
DPFF code) to 1 ug/ml. The samples were digested for 1 min and the
reaction stopped with 0.2 M NaCl, 20 mm EDTA, 1% SDS. The DNA was
purified by phenol/chloroform extraction and ethanol precipitation.
Samples were resuspended in formamide loading buffer and denatured
at 90 °C for 3 min prior to electrophoresis through an 8% polyacryl-
amide denaturing gel.

Gel Shift Assay—The gel shift assay was carried out as described by
O’Brien et al. (19). Complementary oligonucleotides (Scheme I) were
annealed and radiolabeled by filling-in with Klenow polymerase in the
presence of [a-*?P]dCTP or [a-*?P]dATP. Nuclear extracts (4 ug) were
preincubated with 2 pg of poly(dI-dC) in binding buffer (20 mm HEPES,
pH 7.9, 20 mm KCI, 1 mM spermidine, 10 mm dithiothreitol, 10% glyc-
erol, 0.1% Nonidet P-40) for 10 min at room temperature. When in-
cluded, a 100-fold excess of unlabeled competitor oligonucleotide was
added during the preincubation stage. AP-2, CTF/NFI, and Sp1 oligo-
nucleotides were purchased from Promega. For supershift experiments,
2 wl of either anti-NFI antibody (rabbit polyclonal antiserum shown to
react with the C-terminal half of NFI, obtained from Dr. Naoko Tanese,
NYU Medical Center, NY) or anti-AP-2 antibody (Santa Cruz Biotech-
nology) was included in the binding reaction. Labeled probe DNA (25
fmol) was added and incubated for 20 min at room temperature. DNA-
protein complexes were resolved on a 6% polyacrylamide gel in 0.5 X
TBE.
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Dephosphorylation of nuclear extracts using potato acid phosphatase
(PAP) was carried out by incubating 4 pg of T98 or U251 nuclear
extracts with the indicated amount of PAP (Sigma) in 0.1 M MES buffer
(pH 6.0) at room temperature for 30 min. To detect endogenous phos-
phatase activity, nuclear extracts were dialyzed in phosphate-free
buffer (25 mm HEPES, pH 7.6, 40 mm KCl, 0.1 mm EDTA, 1 mMm
dithiothreitol, 10% glycerol, and 0.2 mM phenylmethylsulfonyl fluoride)
and incubated at 30 °C for 30 min prior to the gel shift assay. Where
indicated, 50 mMm K,PO,, pH 7.4, was added as a phosphatase inhibitor.

Methylation Interference Assay—The protein-DNA binding reaction
(described under “Gel Shift Assay”) was scaled up 5-fold using partially
methylated fpl oligonucleotide probe labeled on either the coding or
non-coding strands. DNA methylation and methylation interference
assay were as described by Garabedian et al. (20). Briefly, bound and
free DNA were excised from the mobility shift gel, eluted overnight in
0.2 M NaCl, 20 mm EDTA, 1% SDS, 1 mg/ml yeast tRNA, and purified
by phenol/chloroform extraction and ethanol precipitation. Eluted DNA
was cleaved with piperidine at 90 °C for 30 min and residual piperidine
removed by lyophilization. The DNA was resuspended in formamide
loading buffer, denatured at 90 °C for 3 min, and resolved on a 12%
polyacrylamide denaturing gel.

Western Blot Analysis—Nuclear extracts (25 pg) prepared from B-
FABP(+) and B-FABP(—) malignant glioma lines were electrophoresed
through an 8% polyacrylamide-SDS gel followed by electroblotting onto
nitrocellulose. For the dephosphorylation experiments, nuclear extracts
(20 pg) from either U251 or T98 were treated with PAP in 0.1 M MES,
pH 6.0, for 20 min at 30 °C. Filters were incubated with a 1/1000
dilution of anti-NFI antibody and the primary antibody detected with
horseradish peroxidase-conjugated anti-rabbit IgG (Jackson Immu-
noResearch Laboratories) using the ECL detection system (Amersham
Pharmacia Biotech).

RESULTS

Analysis of the B-FABP Promoter Region—We have previ-
ously shown that the human B-FABP gene is contained within
a 4.5-kb region on chromosome 6q22-23 (9). To study the reg-
ulation of B-FABP transcription, we first mapped the tran-
scription initiation site by primer extension. The human B-
FABP gene start site is located 81 bp upstream of the
translation initiation codon (data not shown) within three nu-
cleotides of that reported for murine B-FABP (11, 21). There is
a putative TATA box (AATAAGA) at position —22 to —28 bp
(Fig. 3).

To determine the location of B-FABP regulatory elements in
malignant glioma, we tested CAT reporter constructs contain-
ing different amounts of B-FABP 5'-flanking DNA (Fig. 1A).
These constructs were introduced into U251, a malignant gli-
oma line that expresses B-FABP. As shown in Fig. 1B, a 2-fold
increase in CAT activity was observed with 240 bp of 5’-flank-
ing DNA (pCAT-240). Additional 5'-flanking DNA, to —660 and
—1800 bp produced 6- and 8-fold increases in basal CAT activ-
ity, respectively. These results indicate that there are multiple
positive regulatory elements in the —140 to —1800-bp region of
the B-FABP gene.

DNase I Footprint Analysis of the B-FABP Promoter—To
identify DNA-protein interaction sites proximal to the B-FABP
gene, we carried out DNase I footprinting analysis using two
overlapping DNA fragments spanning the region from —13 to
—418 bp: probe 1, from —13 to —240 bp, and probe 2, from —138
to —418 bp. Probe 1 or probe 2, labeled at one end, were
incubated with nuclear extracts from both B-FABP(+) (MO016,
U251) and B-FABP(—) (T98) malignant glioma lines and par-
tially digested with DNase I followed by denaturing gel elec-
trophoresis and autoradiography. As shown in Fig. 24, two
DNase I protected regions were detected using probe 1: foot-
print 1 (fp1) from —35 to —58 bp and fp2 from —155 to —174 bp.
Probe 2 identified three additional protected regions, from
—237 to —260 bp (fp3), —303 to —328 bp (fp4), and —340 to
—359 bp (fp5) (Fig. 2B). Identical results were obtained with
both B-FABP-positive and -negative nuclear extracts. These
data are summarized in Fig. 3.
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Fic. 1. Analysis of the B-FABP upstream region for regulatory
activity. A, schematic diagram of the B-FABP promoter showing the
transcription start site (arrow), exon I (filled box), and restriction en-
zyme sites used for the construction of the pCAT-deletion plasmids. The
B-FABP-CAT constructs extend from a common 3’ PstI (P) site to
various upstream sites (at —140, —240, —660 bp, —1.2 and —1.8 kb)
generated by restriction enzyme digestion. B, 10 pg of each of the
B-FABP-CAT constructs described above were introduced into U251 by
calcium phosphate-mediated DNA transfection. Extracts prepared from
transfected cells were assayed for CAT activity by monitoring the level
of [**Clchloramphenicol butyrylation. CAT activity is reported as fold
increase over the promoter-less parent vector pCAT-basic. The values
have been normalized for transfection efficiency by Hirt DNA quanti-
tation. The results shown are an average of at least four independent
experiments with standard deviation indicated by the error bars.

The sequences of the five footprints were analyzed using the
Transfac program (22) and by visual inspection to identify
known DNA binding motifs. Fpl, fp2, and fp3 all contained
putative NFI-binding sites based on similarity to the NFI con-
sensus binding site TGGA/C(N;)GCCAA (23-25). The fp1 re-
gion contained the sequence TGGA(NZ;GCCCA, {p2
TGGC(N)GCCAA, and fp3 TGAA(N;)GCCGA.

Protein Binding to Fpl and Fp3—We used the mobility shift
assay to determine whether a double-stranded oligonucleotide
with a consensus NFI-binding site could effectively compete for
protein binding to either fpl or fp3. Radiolabeled oligonucleo-
tides corresponding to fpl or fp3 were incubated with extracts
from either B-FABP(—) T98 cells or B-FABP(+) U251 cells,
along with a 100-fold excess of unlabeled fp1, fp2, fp3, AP-2,
NFI, or Sp1 oligonucleotides. One major DNA-protein complex
was observed with T98 nuclear extract using either the fpl or
fp3 probes (Fig. 4). This complex was specifically competed out
by fp1, fp3, and consensus NFI oligonucleotides, indicating that
the factor bound to fp1 and fp3 is NFI or NFI-like. The inability
of fp1, fp3, and NFI oligonucleotides to compete with fp2 indi-
cates that fp2 does not represent a bona fide NFI-binding site,
as suggested by the N-4 (as opposed to the N-5) spacing be-
tween the NFI half-sites. In contrast to T98, three major
shifted complexes were detected with B-FABP(+) U251 nuclear
extracts using either fp1 or fp3 as the probe. The intensity of all
three bands was reduced upon addition of excess unlabeled fp1,
fp3, and NFT oligonucleotides. These data suggest that, while
generating different gel shift patterns, NFI or NFI-related
proteins bind to the fpl and fp3 regions of B-FABP promoter in
both B-FABP(+) and B-FABP(—) malignant glioma lines.

Differential Phosphorylation of NFI in Malignant Glioma

Antibody supershift experiments were carried out to deter-
mine whether the factor(s) bound to the fpl region was recog-
nized by a pan-specific anti-NFI antibody. Nuclear extract from
B-FABP(-) T98, B-FABP(+) U251, or B-FABP(+) M016 was
incubated with anti-NFI antibody prior to the addition of la-
beled fp1 oligonucleotide. A supershifted band (indicated by the
arrow in Fig. 5) was observed with all three extracts. Of note,
the intensity of the protein-DNA complexes was greatly re-
duced upon addition of anti-NFI antibody suggesting disrup-
tion of the complex upon binding of the antibody. No super-
shifted band or reduction in band intensity was observed with
control anti-AP-2 antibody.

The methylation interference assay was used to identify the
purine residues in fpl involved in DNA-protein interaction.
Partially methylated fp1 oligonucleotide, radiolabeled on either
the coding or non-coding strand, was isolated from the most
abundant T98 gel shift complex and from the three major U251
complexes, and subjected to piperidine cleavage followed by
denaturing polyacrylamide gel electrophoresis. As shown in
Fig. 6, methylation of G residues located at —52, —51, and —44
bp on the coding strand, and —43 and —42 bp on the non-coding
strand interfered with the formation of the T98 and U251
DNA-protein complexes. Identical methylation interference
patterns were obtained for both T98 (B) and U251 (B1, B2, and
B3) complexes, indicating that the same or a similar recogni-
tion sequence is involved in their formation. The observed
methylation interference pattern is consistent with that of
several known NFI-binding sites (26, 27). Together, the com-
petition assays, supershift experiments and methylation inter-
ference experiments indicate that the NFI factor binds to the
fpl and fp3 regions.

Mutation Analysis of Fpl and Fp3—To assess the biological
role of the fpl and fp3 NFI-binding sites, we transfected U251
with pCAT-1.8 constructs containing mutations in one or both
NFI core recognition sequences. The mutations introduced in
fpl (pCAT-1.8(fp1%)), fp3 (pCAT-1.8(fp3*)), or both fpl and fp3
(pCAT-1.8(fp1*fp3*)) are indicated in Scheme I. We first veri-
fied that the introduced mutations would eliminate DNA-pro-
tein interaction using the gel shift assay. As shown in Fig. 7A,
mutant fpl* was unable to compete with normal fpl for the
formation of T98 and U251 DNA-protein complexes. Similar
results were obtained with mutated fp3*.

When introduced into U251 cells, the parent construct
pCAT-1.8 produced an 8-fold increase in CAT activity com-
pared with the pCAT-basic construct (Fig. 7B). Mutation of the
fpl NFI-binding site reduced transcriptional activity to near
background levels (1.4-fold increase over pCAT-basic). Muta-
tion of the fp3 NFI-binding site did not significantly affect CAT
activity, generating a 9-fold increase over pCAT-basic. CAT
activity with the double mutant construct (pCAT-1.8(fp1*3%))
was 2.9-fold higher than with pCAT-basic. Based on these
results, we conclude that the fpl-binding site is essential for
B-FABP promoter activity. In contrast, the fp3 NFI-binding
site does not appear to be critical for B-FABP promoter activity
using this assay.

NFI Isoforms in B-FABP(+) and B-FABP(—) Cell Lines—The
differences in the gel shift patterns observed with T98 and
U251 nuclear extracts suggest differences in the NFI isoforms
expressed in these cells. We tested 8 additional malignant
glioma lines, four positive for B-FABP and four negative for
B-FABP, to see if there was a correlation between gel shift
patterns and B-FABP expression. The four B-FABP(—) lines
(A172, CLA, M021, and U87) all gave rise to one or two major
complexes with a slow migration rate, similar to the pattern
obtained with T98 (Fig. 8). Nuclear extracts from 4/5
B-FABP(+) lines (M049, M103, U373, and U251) generated
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Fic. 2. DNase I footprinting of the
B-FABP promoter region. A, a DNA
fragment spanning the —13 to —240-bp
region of the B-FABP promoter (probe 1)
was labeled at one end on either the cod-
ing or non-coding strand, incubated with
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gested with DNase I, and run on a 8%
denaturing polyacrylamide gel. No nu-
clear extracts were added to lanes marked
—. The G + A lanes represent the purine
sequence of probe DNAs. Footprints (fp)
are indicated by the filled rectangles. B,
DNase I footprint analysis of the —138 to
—418-bp region (probe 2).
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GTCTGGCATTTCAGTGGTTTTCTTTAAGGGGGGTCCTCATTTGTGACCAG

CTTTGTCATTAACGGAAATCAATCTGAATGCCCCATTGTGCATCTTTTTT
fps fpd
CTTTCCTTGCAGTCTGAGATTGCCTTTGCCAAGTTTTTTCTCACCGAACT

TGARAGCCCTTCTCTCATTTTCCCGTTCCCTGCCTCCAGCCCCATTGAAT
fp3
CCCTGCCGAGCTTTCTCAGGCATAAGGGCTGTAGTGTGAGGATTGGGAGG
fp2
AACTCGACCTACTCCGCTAACCCAGTGGCCTGAGCCAATCACAAAGAGGA

TTGGAGCCTCACTCGAGCGCTCCTTCCCTTCTCCTCTCTCTGTGACAGCC

TCTTGGARAGAGGGACACTGGAGGGGTGTGTTTGCAATTTAAATCACTGG
fpl

ATTTTTGCCCACCCTCTTTCCAAATAAGARAGGCAGGAGCTGCTTGCTGAG

GTGTARAGGGTCTTCTGAGCTGCAGTGGCAATTAGACCAGAAGATCCCCG

CTCCTGTCTCTARAAGAGGGGAAAGGGCAAGGATGGTGGAGGCTTTCTGTG +100

FiG. 3. Summary of footprint results. The sequence of the +100 to
—450-bp B-FABP region is shown, indicating the location of the five
DNA-binding sites identified by DNase I footprinting. The transcription
start site is at position +1. The putative TATA box is underlined (from
—22to —28 bp). The sequence in bold represents the 5’ end of exon I and

the start methionine is underlined.

multiple complexes with faster migration rates than those ob-
served with the B-FABP(—) lines. The M016 gel shift pattern
varied with different nuclear extract preparations, often ap-
pearing as a hybrid of the two patterns, suggesting that this

line may include a mixture of B-FABP(—) and B-FABP(+
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These results indicate that there is a correlation between B-

FABP expression in malignant glioma cells and gel shift pat-
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B-FABP(+) and B-FABP(—) cells.
The different migration rates of the NFI protein-DNA com-

-301
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terns, likely reflecting the presence of different forms of NFI in

plexes in B-FABP(+) and B-FABP(—) lines could be due to

differential expression of the NFI genes in malignant glioma
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lines, alternative gene products from a single gene and/or post-
translational modification of the NFI protein. NFI protein ex-

pression in malignant glioma lines was analyzed by Western

-101

blotting using anti-NFI antibody. Although raised against

NFI-C, this anti-NFI antibody cross-reacts with the NFI pro-

teins produced from all four NFI genes (28). Two sets of bands,
migrating at approximately 50 and 60 kDa, were observed in

malignant glioma lines, in agreement with the reported molec-
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ular masses of known NFI family members, which range from

52 to 66 kDa (29). The most obvious difference between B-

FABP(+) and B-FABP(—) lines was the ratio of the 50- and
60-kDa bands: in B-FABP(+) cells, the 50-kDa bands were
predominant with relatively minor amounts of the 60-kDa
bands, while in B-FABP(—) cells, the ratio of 50 to 60 kDa
bands was approximately equal (Fig. 9A). These results provide

further evidence that B-FABP(+) and B-FABP(—) cell lines
express distinctive subsets of NFI proteins or isoforms.

) cells.

Differential Phosphorylation of NFI in Malignant Glioma
Lines—Phosphorylation of NFI has been shown to modulate its
transcriptional activity (30, 31). We therefore examined
whether NFI was phosphorylated in our malignant glioma
lines. Nuclear extracts from U251 and T98 were treated with
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Fic. 4. Binding of NFI to fpl and fp3. Gel shift assays were carried out with radiolabeled fp1 or fp3 double-stranded oligonucleotides and T98
or U251 nuclear extracts. DNA binding reactions were electrophoresed through a 6% polyacrylamide gel in 0.5 X TBE to separate unbound (free)
DNA and DNA-protein complexes. Where indicated, a 100-fold excess of unlabeled competitor oligonucleotides were added to the DNA binding
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Fic. 5. Supershifting of fpl DNA-protein complexes with anti-
NFI antibody. Four ug of T98, M016, or U251 nuclear extract was
incubated with anti-NFI antibody (a-NFI), anti-AP-2 antibody (a-AP-2),
or no antibody (—) prior to addition of radiolabeled fpl oligonucleotide
probe and gel electrophoresis. Bands corresponding to unbound (free)
DNA and NFI-DNA complexes (NFI) are indicated. The arrow shows
the supershifted complex observed with T98 (weak band), M016 and
U251 nuclear extracts in the presence of anti-NFI antibody.
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PAP and analyzed by Western blotting using anti-NFI anti-
body. The NFI proteins expressed in both U251 and T98 were
converted to faster migrating species with PAP treatment (Fig.
9B). The proteins migrating at ~60 kDa, predominant in T98,
were almost completely converted to faster migrating forms.
The slower migrating component of the bands at ~50 kDa also
underwent an increase in mobility with phosphatase treat-
ment. The migration pattern of T98 and U251 NFI proteins
appeared virtually identical when nuclear extracts were incu-
bated with 0.5 unit of PAP (compare lanes 4 and 10). Addition
of sodium orthophosphate, a phosphatase inhibitor, resulted in
complete inhibition of dephosphorylation at low concentrations
of PAP and partial inhibition at high concentrations of PAP.
These results indicate that a major difference in the NF1I iso-
forms expressed in U251 and T98 is their phosphorylation
state, with T98 NFI isoforms being hyperphosphorylated com-
pared with U251 isoforms.

The gel shift assay was carried out using labeled fp1 oligo-
nucleotide and PAP-treated and -untreated nuclear extracts
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Fic. 6. Methylation interference assay of fpl NFI-binding site.
Fpl oligonucleotide probes radiolabeled on either the coding or non-
coding strand were partially methylated with dimethyl sulfate prior to
carrying out the gel shift assay. DNA isolated from free (F) and NFI-
bound (B) bands was cleaved with piperidine and run on a 12% dena-
turing polyacrylamide gel. Guanosine residues that, when methylated,
interfere with DNA-protein interaction are indicated by the arrows. B1,
B2, and B3 represent the three main complexes obtained with U251
extracts.

from T98 and U251. Increasing amounts of PAP resulted in a
stepwise increase in the migration rate of NFI-DNA complexes,
culminating in the appearance of a single major band where
only a weak signal was previously obtained (indicated by the
arrow in Fig. 10). These results provide further evidence that
the NFT isoforms present in T98 are hyperphosphorylated com-
pared with the U251 isoforms.

Analysis of Endogenous Phosphatase Activity in Malignant
Glioma Lines—When we prepared T98 and U251 nuclear ex-
tracts in phosphate-free buffer, we noticed that U251 nuclear
extracts contained a phosphatase activity capable of dephos-
phorylating NFI that was absent from T98 extracts. As shown
in Fig. 11, incubation of these U251 nuclear extracts at 30 °C
for 30 min prior to carrying out the gel shift assay resulted in
complete dephosphorylation of NFI (lane 3). In contrast, no
dephosphorylation activity was observed with T98 nuclear ex-
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Fic. 7. Site-directed mutagenesis of fpl and fp3 NFI-binding
sites. Mutated fp1*- and fp3*-binding sites were tested for NFI binding
and for regulatory activity. A, gel shift assays with a 100-fold X excess
of either fp1* or fp3* failed to compete with wild-type fpl and fp3 for
NFI binding using both U251 and T98 nuclear extracts. B, B-FABP-
CAT constructs containing mutated fp1*, mutated fp3*, and mutated
fp1*fp3* in the context of pCAT-1.8 were transfected into U251 cells.
The fold increase in CAT activity represents the average of at least four
independent experiments. All values were corrected for transfection
efficiency using Hirt DNA. The error bars indicate the standard
deviation.

tracts (lane 1). This phosphatase activity was inhibited by the
addition of 50 mm PO2~ (compare lanes 3 and 4). Furthermore,
incubation of the T98 nuclear extract with an equal amount of
U251 nuclear extract resulted in dephosphorylation of the hy-
perphosphorylated T98 NFI (compare lanes 1, 3, and 5). Addi-
tion of PO?~ effectively inhibited this activity (lane 6). These
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Fic. 8. Gel shift patterns in B-FABP(+) and B-FABP(—) malig-
nant glioma lines. The gel shift assay was carried out using fpl
oligonucleotide and nuclear extracts prepared from five B-FABP(—) cell
lines (A172, CLA, M021, T98, and U87) and five B-FABP(+) lines
(MO16, M049, M103, U251, and U373).

A ~ -
~ —_ & —_
ES8g%csds 85
2 8 R 2 B = 2
*|-—---. .
**i - . - =---
B

PO - - - -+ 4+ - - - -4+

— - wy

PAP(U) , S 3 2

- = =
F & o & e ' &8 € o & o
=
i
‘* i
T98

U251

FiG. 9. Western analysis of NFI in malignant glioma lines. A,
nuclear extracts from the 10 malignant glioma listed in Fig. 8 were run
on an 8% SDS-polyacrylamide electrophoresis gel and electroblotted to
a nitrocellulose filter. B, nuclear extracts from T98 and U251 were
treated with increasing concentrations of PAP (U, units) in the presence
or absence of 100 mm NaH,PO,, pH 6.5, for 20 min at 30 °C and run on
a 10% SDS-polyacrylamide electrophoresis gel. The filters were incu-
bated with anti-NFI antibody and the signal detected using the ECL
system. The ~60-kDa bands are indicated by the single asterisk while
the ~50-kDa bands are indicated by the double asterisks.

results indicate that a phosphatase activity, present in
B-FABP(+) cells but not in B-FABP(—) cells, may underlie
differential NFI phosphorylation in malignant glioma.

DISCUSSION

In a previous study, we showed that the subset of malignant
glioma lines that expresses GFAP also expresses B-FABP (9).
GFAP is a marker of mature astrocytes and its expression in
malignant glioma correlates with a less aggressive phenotype
(2). B-FABP is also expressed in cells of the glial lineage al-
though it is found at earlier developmental stages than GFAP,
in radial glial cells and immature astrocytes (10, 11). Here, we
study the regulation of the B-FABP gene in malignant glioma
lines in order to understand the molecular mechanism under-
lying differential expression of B-FABP. We identified two NFI-
binding sites located upstream of the B-FABP gene, one at —35
to —58 bp, the other at —237 to —260 bp. Our transient trans-
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Fic. 10. Differential phosphorylation of NFI in T98 and U251.
T98 and U251 nuclear extracts (4 pg) were treated with increasing
concentrations of PAP (U, units) and the gel shift assay carried out with
radiolabeled fp1l oligonucleotide. The arrow marks the position of the
dephosphorylated NFI-fp1l complex.
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Fic. 11. Endogenous phosphatase activity in U251. T98 (lanes 1
and 2), U251 (lanes 3 and 4), or an equal mixture of T98 and U251 (lanes
5 and 6) nuclear extracts in phosphate-free buffer were incubated at
30 °C for 30 min in the absence (lanes 1, 3, and 5) or presence (lanes 2,
4, and 6) of 50 mm K,PO,, pH 7.4, prior to the gel shift assay with
radiolabeled fp1 oligonucleotide.

fection experiments using the CAT reporter gene indicate that
at least 660 bp of 5'-flanking DNA are required for efficient
transcription. Mutation of the most proximal NFI-binding site
dramatically reduced reporter activity in a B-FABP-expressing
malignant glioma line, indicating that this region is critical but
not sufficient for B-FABP transcription.

Originally identified as a factor involved in adenovirus DNA
replication, NFI is now a well characterized transcription fac-
tor implicated in the regulation of many cellular genes. The
NFI family is encoded by at least four genes: NFI-A, -B, -C, and
-X (32-34). Additional diversity within this protein family
comes from alternative splicing (34). NFI factors bind to their
consensus recognition site 5'-YTGG(A/C)N;GCCAR-3' as het-
erodimers or homodimers (35, 36). NFI proteins are found in a
variety of cell types; however, the expression patterns of indi-
vidual NFIs varies considerably (37). For example, NFI-A is
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enriched in the cerebellum (38) while NFI-X levels are elevated
in fetal glial cells (39). NFI has long been implicated in the
regulation of glial cell-specific genes. For example, the regula-
tory elements of the human JC papovavirus which include at
least two active NFI sites are only functional in glial cells (40,
41). One of the best characterized cellular targets for NFI is the
glial cell-specific myelin basic protein gene (42, 43). GFAP has
recently been proposed to be regulated by NFI-A based on the
observation that GFAP levels (but not levels of S100, another
astrocyte marker) are reduced in NF1A—/— mice (44). B-FABP
represents another example of a gene expressed in glial cells
gene (in this case, radial glial cells) regulated by NFI.

Because NFI transcription factors have a wide distribution
and all NFI factors recognize the same DNA-binding domain,
the basis for cell-specific gene regulation by members of the
NFI family has long been a matter of speculation. Recent
studies indicate that different forms of NFI have different
transactivation capabilities and that heterodimers differ from
homodimers in their activation potential (45). Furthermore,
NFI proteins generated by alternative splicing are capable of
interfering with transcriptional activation (46, 47). For exam-
ple, Liu et al. (47) have isolated an NFI-B splice variant, NFI-
B3, that lacks the trans-activation domain and interferes with
NFI-mediated transactivation as the result of nonproductive
heterodimer formation. On the basis of these observations, we
were especially interested in determining whether differential
B-FABP expression in malignant glioma was dependent on the
types of NFIs expressed in these cells. By Northern blot anal-
ysis, we found no clear-cut correlation between B-FABP expres-
sion and specific NFI transcripts although there was a general
trend toward higher levels of NFI-A and NFI-B mRNA in
B-FABP(+) lines compared with B-FABP(—) lines (data not
shown).

The most striking differences between B-FABP(+) and B-
FABP(—) lines were identified by Western blotting using an
anti-NFI antibody that recognizes the different forms of NFI
and by gel mobility shift assays. Two sets of bands were ob-
served on Western blots, at ~50 and ~60 kDa. The ratio of 60-
to 50-kDa bands was higher in B-FABP(—) lines compared with
B-FABP(+) lines. Similarly, gel shift assays with the proximal
NFI-binding site produced two distinct patterns: nuclear ex-
tracts from B-FABP(+) lines generated multiple bands of rel-
atively high mobility, while nuclear extracts from B-FABP(—)
lines produced bands of lower mobility. By treating nuclear
extracts with potato acid phosphatase, we found that the basis
for the difference in mobility observed in both the Western blots
and gel shift assays was the phosphorylation state of NFI. Our
results indicate that the NFI factors expressed in B-FABP(—)
lines are hyperphosphorylated compared with those expressed
in B-FABP(+) lines.

Protein phosphorylation has previously been implicated in
the modulation of NFI-mediated transactivation (30, 31, 48).
Yang et al. (31) have shown that NFI is phosphorylated in
actively growing cells and in c-Myc-overexpressing 3T3-L1
cells, whereas it is dephosphorylated in quiescent cells. The
phosphorylated forms of NFI present in c-Myc-overexpressing
cells transactivated NFI-dependent promoters at a lower rate
than the dephosphorylated form. No significant differences in
DNA binding affinity were observed between the dephospho-
rylated and phosphorylated forms of NFI (31). The gel shift
pattern that we observed with B-FABP(+) extracts appears to
be similar if not identical to the phosphorylated (lower activity)
NFI pattern described by Yang et al. (31). In agreement with
these authors, we found no significant differences in footprint
patterns and DNA binding affinity between B-FABP(+) cells
expressing phosphorylated NFI and B-FABP(—) cells express-
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ing hyperphosphorylated NFI (Figs. 2 and 4, and data not
shown). In combination with the data from Yang et al. (31), our
results suggest a gradation in the transactivation potential of
NFI based on its phosphorylation level, with dephosphorylated
NFI being most active, moderately phosphorylated NFI (B-
FABP(+), U251-like) having intermediate activity and hyper-
phosphorylated NFI (B-FABP(—), T98-like) being least active.
Given the variety of genes responsive to NFI, regulation of its
activity by phosphorylation is likely to have global effects on
gene expression, with important cellular consequences. These
results are especially important in the context of malignant
glioma, in that dephosphorylation of NFI in these cells could
lead to increased activation of glial-specific genes which, in
turn, could lead to increased cellular differentiation properties.

The molecular mechanism(s) underlying NFI phosphoryla-
tion has not yet been elucidated. Additional work will be re-
quired to identify the kinase(s) and phosphatase(s) involved in
NFI phosphorylation. Two kinases, DNA-PK and CDC2, have
been reported to phosphorylate NFI proteins in vitro (48, 49).
Of particular interest is the phosphatase activity identified in
B-FABP(+) U251 but not in B-FABP(—) T98. PTEN (MMAC1,
TEP1) is a phosphatase that is commonly mutated in malig-
nant glioma tumors and cell lines. Introduction of PTEN in the
U87 malignant glioma line results in reduced growth rate and
saturation density (50). However, it is unlikely that PTEN is
the phosphatase involved in NFI dephosphorylation because:
(1) PTEN mutations have been reported in both B-FABP(+) and
B-FABP(—) malignant glioma lines (51, 52) and (ii)) PTEN has
a cytosolic location (53).

Our DNA transfection experiments and DNase I footprinting
suggest that regulatory elements in addition to NFI are neces-
sary to drive B-FABP expression in malignant glioma lines.
Footprints 4 and 5 located upstream of the two NFI-binding
sites (300 to 400 bp upstream of the B-FABP gene) remain to be
characterized. Feng and Heintz (21) have studied the regula-
tion of murine B-FABP using transgenic mice. They have found
a radial glial element (RGE) in the —0.3 to —0.8-kb region of
the murine B-FABP promoter responsible for transcriptional
up-regulation in radial glial cells. Two regulatory elements
within this region have recently been characterized by Joseph-
son et al. (54): a POU-binding site at —362 to —370 bp, and a
non-steroid hormone response element at —275 to —286 bp. In
the mouse, the POU-binding site is essential for appropriate
B-FABP expression in the developing central nervous system
while the hormone response element is required to drive wild-
type levels of B-FABP expression in the developing telenceph-
alon. Although both sites are conserved in the human B-FABP
promoter, we did not detect DNA-protein interactions in the
corresponding region by DNase I footprint analysis. The reason
for these differences is not clear, but it does suggest alternative
mechanisms for B-FABP gene regulation in human malignant
glioma and mouse brain.

In summary, we have shown that the promoter of the human
B-FABP gene contains two NFI-binding sites and that the site
most proximal to the B-FABP gene is essential for B-FABP
transcription. NFI proteins in B-FABP(+) and B-FABP(—) ma-
lignant glioma cell lines are differentially phosphorylated, with
B-FABP(—) lines producing a hyperphosphorylated and pre-
sumably inactive form of NFI. Differential NFI phosphoryla-
tion in these lines appears to be due, at least in part, to a
phosphatase activity that is specific to B-FABP(+) cells. Given
the number of proposed target genes for NFI, activation and
deactivation of this transcription factor through phosphoryla-
tion will likely have major consequences on gene expression
and cellular growth properties. Isolation and characterization
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of the NFI phosphatase and examining its role in glial cell
differentiation will be the subject of future investigations.
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