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Glial fibrillary acidic protein (GFAP), an intermediate filament protein
normally found in astrocytes, and the radial glial marker brain fatty acid-
binding protein (B-FABP; also known as FABP7) are co-expressed in
malignant glioma cell lines and tumors. Nuclear factor I (NFI) recognition
sites have been identified in the B-FABP and GFAP promoters, and
transcription of both genes is believed to be regulated by NFI. Here, we
study the role of the different members of the NFI family in regulating
endogenous and ectopic B-FABP and GFAP gene transcription in human
malignant glioma cells. We show by gel shifts that all four members of the
NFI family (NFIA, NFIB, NFIC, and NFIX) bind to B-FABP and GFAP NFI
consensus sites. Over-expression of NFIs, in conjunction with mutation
analysis of NFI consensus sites using a reporter gene assay, supports a role
for all four NFIs in the regulation of the GFAP and B-FABP genes. Knock-
down of single or combined NFIs reveals promoter-dependent and
promoter-context-dependent interaction patterns and suggests cross talk
between the different members of the NFI family. Our data indicate that the
NFI family of transcription factors plays a key role in the regulation of both
the B-FABP and GFAP genes in malignant glioma cells.
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Introduction

Malignant gliomas, comprising grade III and
grade IV astrocytomas (also called anaplastic astro-
cytoma and glioblastoma multiforme, respectively),
are the most common brain tumors in adults.1 These
highly invasive tumors are usually fatal within
2 years of diagnosis. Histopathological analysis of
malignant gliomas has shown that increasing
anaplasia correlates with reduced levels of the inter-

mediate filament protein glial fibrillary acidic pro-
tein (GFAP).2,3 Manipulation of GFAP levels in
malignant glioma cells suggests an association
between GFAP expression and a reduced trans-
formed state.4–9

Brain fatty acid-binding protein (B-FABP; also
known as FABP7 or BLBP) is a marker of radial glial
cells.10,11 B-FABP has been implicated in the estab-
lishment of the radial glial fiber system required for
the migration of neurons to their correct location in
the central nervous system and in glial cell diffe-
rentiation.10,11 It is generally believed that neural
stem cells give rise to radial glial cells, which in turn
become mature astrocytes once neuronal migration
is complete.12,13 However, radial glial cells can also
give rise to neurons and have been proposed to
function as neural stem cells.14–16 B-FABP expres-
sion has recently been shown to be associated with
increased cell migration in malignant glioma cells
and with a worse clinical prognosis in high-grade
astrocytomas.17–19 Of note, malignant glioma cell
lines that express B-FABP also express GFAP,

*Corresponding author. E-mail address:
rgodbout@ualberta.ca.
† M.B. and J.E.C. contributed equally to this work.
Abbreviations used: GFAP, glial fibrillary acidic protein;

B-FABP, brain fatty-acid-binding protein; NFI, nuclear
factor I; AP-2, activating protein 2; CAT, chloramphenicol
acetyltransferase; HA, hemagglutinin; br, binding region;
ChIP, chromatin immunoprecipitation; RT-PCR, reverse
transcription polymerase chain reaction; siRNA, small
interfering RNA; PVDF, polyvinylidene fluoride.

doi:10.1016/j.jmb.2009.06.041 J. Mol. Biol. (2009) 391, 282–300

Available online at www.sciencedirect.com

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.



Author's personal copy

suggesting either a functional or a regulatory link
between these two proteins.20

Nuclear factor I (NFI) has been implicated in the
regulation of both the B-FABP and the GFAP
genes.21–23 NFI is a family of transcription factors
that includes four genes: NFIA, NFIB, NFIC, and
NFIX/NFID.24 Additional diversity within this
family comes from alternative splicing and post-
translational modification (reviewed in Ref. 25). NFI
proteins bind to the consensus sequence 5′-
TTGGCN5GCCAA-3′ as homodimers or heterodi-
mers with the same apparent affinity.26,27 NFIs are
widely expressed in different tissues and cell types,
although the distribution pattern of each NFI varies
from tissue to tissue.28 NFI consensus binding sites
are found in many brain-specific gene promoters/
enhancers, and NFI transcription factors have been
proposed to play a role in the determination of gene
expression in glial cells.29–34

The B-FABP promoter has at least two NFI
recognition elements located within 500 bp of the
B-FABP transcription start site. Using a combination
of gel-shift assays and potato acid phosphatase
treatment, Bisgrove et al. showed NFI to be
hyperphosphorylated in GFAP/B-FABP-negative
malignant glioma cell lines compared with GFAP/
B-FABP-positive lines.21 Phosphorylation of NFI did
not seem to affect DNA binding activity in vitro, in
agreement with a previous report.35 Similarly,
transfection and DNase I footprinting analysis
revealed three footprints in the promoter region of
the GFAP gene in the B-FABP/GFAP-positive
malignant glioma cell line U251.36,37 Putative NFI
binding sites were identified in all three regulatory
regions. Direct evidence demonstrating occupancy
of the GFAP promoter by NFIs was obtained by
chromatin immunoprecipitation (ChIP) using pri-
mary cortical neuroepithelial cells.22

All four NFI genes have been disrupted in
mice.34,38–41 Whereas Nfic-deficient animals have
defects in tooth root formation, disruption of either
Nfia or Nfib results in forebrain defects and loss of
specific midline glial populations. In addition to
having more severe forebrain defects than Nfia, Nfib
knock-outs have abnormalities in lung maturation
and pons development.41 Nfix−/− mice show en-
largement of the lateral and third brain ventricles,
expansion of the entire brain along the dorsal
ventral axis, aberrant formation of the hippo-
campus, deformation of the spine, and impaired
ossification of vertebra and femur.39,42 GFAPmRNA
levels are decreased 10- and 5-fold in Nfia−/− and
Nfib−/− mice, respectively, suggesting involvement
of these two NFIs in GFAP regulation.41 Activation
of Notch signaling in mid-gestational neural pre-
cursor cells has recently been shown to induce
NFIA, resulting in demethylation and activation of
astrocytic gene promoters including GFAP.43 Thus,
NFIA seems to play a fundamental role in poten-
tiating the differentiation of neural precursor cells
along the astrocytic lineage.
Here, we investigate the role of NFI in the regu-

lation of the GFAP and B-FABP genes in malignant

glioma cells. We use ChIP to demonstrate the occu-
pancy of NFIs at both the endogenous GFAP and the
B-FABP promoters. We study the expression patterns
of all four NFI genes in B-FABP/GFAP-positive and
B-FABP/GFAP-negative malignant glioma cell lines
and use the gel-shift assay to examine the binding of
each NFI to three NFI recognition sites located at the
5′ ends of each of the B-FABP and GFAP genes. We
use a combination of RNA interference, ectopic NFI
expression, reporter gene assay, and analysis of
endogenous GFAP and B-FABP RNA to investigate
the biological activity of NFIs in vivo. Our results
suggest complex antagonistic and compensatory
interactions between the four members of the NFI
family, which all seem to be involved in the
regulation of B-FABP and GFAP transcription.

Results

Expression of NFI mRNA in malignant glioma
cell lines

The four NFI genes (NFIA, NFIB, NFIC, and
NFIX) are differentially expressed in various tissues
and cell types. To identify which NFIs are expressed
in malignant glioma cells, Northern blot analysis
was carried out using poly(A)+ RNA isolated from
five B-FABP/GFAP-negative malignant glioma
lines (A172, CLA, M021, T98, and U87) and five
B-FABP/GFAP-positive malignant glioma lines
(M016, M049, M103, U251, and U373) (Fig. 1).
Highest levels of NFIA transcripts were detected in
M049 and M103. NFIB mRNA was most abundant
in B-FABP/GFAP-positive M049, M103, U251, and
U373 lines. NFIC transcripts were found in all 10
lines. Highest levels of NFIX mRNAwere observed
in M103 and M021, with an easily detectable signal
in every cell line except U87. Actin mRNA served as
the loading control and was relatively uniform in
the 10 malignant glioma lines. Overall, B-FABP/
GFAP-positive malignant glioma lines seem to
express higher levels of NFI mRNAs compared
with B-FABP/GFAP-negative lines, with the most
dramatic differences observed with NFIA and NFIB.

In vitro binding of proteins to GFAP NFI
recognition sites

Sequence analysis of the GFAP promoter region
revealed three putative NFI binding sites in the
upstream region of theGFAP gene, located at −120 to
−106 bp, −1585 to −1571 bp, and −1633 to −1619 bp.
Each of these three sites is bound by protein based on
DNase I footprinting analysis36,37 and gel-shift
assays.23 We used gel shifts to determine whether
NFIs from T98 (B-FABP/GFAP negative) and U251
(B-FABP/GFAP positive) malignant glioma lines
could bind to the three putative NFI binding sites
located at the 5′ end of the GFAP gene. Double-
stranded oligonucleotides representing each of the
three GFAP NFI binding regions [G-br1 (−126 to
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−100 bp), G-br2 (−1591 to −1564 bp), and G-br3
(−1639 to −1613 bp)] were generated. Radiolabeled
oligonucleotides were incubated with nuclear
extracts prepared from either T98 or U251 cells. A
100× molar excess of unlabeled competitor oligo-
nucleotides was included in some of the lanes.
Competitor oligonucleotides included G-br1, G-br2,
G-br3 (wild type and mutated at conserved residues
3 and 4), Sp1, NFI, and AP-2 (activating protein 2)
(Fig. 2).
As shown in Fig. 3a, a major DNA–protein

complex was observed when G-br1, G-br2, or G-
br3 was incubated with T98 nuclear extracts.
Addition of excess mutated G-br1⁎, G-br2⁎, or G-
br3⁎ oligonucleotides as competitors did not result
in a significant reduction in the signal intensity of
the complex, indicating that protein binding to these
oligonucleotides requires an intact NFI binding site.
All three unlabeled wild-type G-br oligonucleotides
served as effective competitors for all three G-br
probes. Furthermore, the intensity of the DNA–
protein complex was significantly reduced in the
presence of consensus NFI oligonucleotides, but not
Sp1 or AP-2 oligonucleotides. These results indicate
that the factor bound to G-br1, G-br2, and G-br3 is
NFI or NFI-like.
Similar observations were made when G-br1 and

G-br2 probes were incubated with U251 nuclear

extracts, except that the migration rate of the DNA–
protein complex was considerably faster than that
observed with T98 extracts (Fig. 3b). These results
are in agreement with our previous work indicating
that NFIs expressed in U251 and T98 migrate at
different rates in gel-shift assays because the T98
NFIs are hyperphosphorylated comparedwith U251
NFIs.21 In contrast to G-br1 and G-br2, which
generated one major protein–DNA complex, three
DNA–protein complexes were observed when U251
nuclear extracts were incubated with G-br3. As the
intensity of the middle band (indicated by an arrow)
was greatly decreased in the presence of excess wild-
type G-br1, G-br2, and G-br3 and NFI consensus
oligonucleotides, but not mutated G-br3 oligonu-
cleotide, it is likely that this is the only band that
contains NFI–DNA complexes. Interestingly, the
faster-migrating complex disappeared in the pre-
sence of AP-2 competitor, suggesting the presence of
both NFI and AP-2 binding sites within the G-br3
oligonucleotide. Examination of the G-br3 sequence
reveals putative AP-2 binding sites (consensus
GCCNNNGGC) spanning the NFI binding site.

In vitro binding of proteins to B-FABP NFI
recognition sites

Previous work from our laboratory identified
two NFI binding sites in the 5′ flanking DNA of the
B-FABP gene, located at −54 to −40 bp (B-br1) and
−256 to −242 bp (B-br3).21 These sites were identi-
fied by DNase I footprinting, and binding of NFI to
these sites was confirmed by gel-shift assays and
methylation interference. A third putative NFI-like
binding site, located at −176 to −163 bp (B-br2),
was not analysed because (i) it was found at the 5′
edge of aDNase I footprint and (ii) it hadN-4 spacing
between the NFI half-sites rather than the consensus
N-5 spacing. Addition or subtraction of 1 bp from the
5-bp internal spacer has been shown to drastically
reduce NFI binding in vitro.44 We used the gel-shift
assay to determine whether a radiolabeled double-
stranded oligonucleotide corresponding to B-br2
could bind NFI or NFI-like proteins. As shown in
Fig. 4 (left), a DNA–protein complex was observed
when U251 nuclear extracts were used, although the
intensity of the complex in relation to free oligo-
nucleotides seemed to be low when compared with
B-br1 (Fig. 4, right). The protein complex formed
with B-br2 was significantly reduced in the presence
of excess cold competitors B-br1, B-br2, B-br3, and
NFI consensus binding site, but not AP-2 and Sp1
consensus binding sites. Conversely, addition of
excess B-br2 significantly reduced the intensity of the
DNA–protein complex obtained with B-br1.

In vivo occupancy of NFIs at the endogenous
B-FABP and GFAP promoters

We carried out ChIP analysis using U251 cells and
a pan-specific NFI antibody to determine whether
NFIs reside in close proximity to GFAP and B-FABP
NFI binding sites in vivo. DNA cross-linked to NFIs

Fig. 1. RNA analysis of malignant glioma cell lines.
Northern blots were prepared using poly(A)+ RNA (2 μg
per lane) isolated from five human B-FABP/GFAP-
negative lines (A172, CLA, M021, T98, and U87) and
five human B-FABP/GFAP-positive lines (M016, M049,
M103, U251, and U373). The filter was sequentially
hybridized with 32P-labeled cDNAs from NFIA, NFIB,
NFIC, NFIX, B-FABP, GFAP, and actin.
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was PCR-amplified using primer pairs flanking
individual or combined GFAP and B-FABP NFI
binding sites. Normal rabbit IgG served as the
negative control for the ChIP experiments. Bands
corresponding to each of the three GFAP NFI
binding sites (G-br1, G-br2, and G-br3) were easily
detected using this approach (Fig. 5). Similarly, ChIP
analysis revealed NFIs at all three B-FABP NFI
binding sites, although the intensity of the band
obtained with primers flanking B-br1 was weak. No
DNA bands were detected in any of the IgG lanes.
As well, no signal was detected in either the IgG or
the NFI lanes when primers to theGAPDH promoter
were utilized. Together, these data indicate that NFIs
occupy the regions of the B-FABP and GFAP
promoters containing NFI binding sites.

Binding of specific NFIs to GFAP and B-FABP
NFI recognition sites

Our gel-shift data suggest that one or more NFI
proteins can bind to each of the three NFI recogni-
tion sites located upstream of the GFAP gene (Fig. 3)
as well as to the three NFI recognition sites located
upstream of the B-FABP gene (Fig. 4).21 To address
the specificity of the different NFI proteins for GFAP
and B-FABP NFI recognition sites, we examined the

binding of each of the four NFIs to G-br and B-br
oligonucleotides. T98 cells were transfected with
hemagglutinin (HA)-tagged NFIA, NFIB, NFIC, and
NFIX expression constructs as well as empty vector.
Nuclear extracts were prepared and analysed for the
level of NFI protein. As shown in Fig. 6a, each HA-
tagged NFI protein was abundantly expressed in
T98 transfectants, with NFIA present at ∼2-fold
lower levels and NFIC expressed at∼1.5-fold higher
levels compared with NFIB and NFIX.
For the gel-shift assays, an equal amount of each

of these nuclear extracts (∼1 μg of protein) was
incubatedwith radiolabeled G-br1, G-br2, andG-br3
oligonucleotides (Fig. 6b). Strong binding was
observed when either NFIA or NFIX was incubated
with G-br1, whereas NFIB and NFIC generated
weaker signals. Similarly, a strong signal was
observed when NFIX was incubated with G-br3,
with a weaker signal observed with NFIA. There
was no apparent change in signal intensity in lanes
containing NFIB and NFIC compared with pCH
control. In contrast to G-br1 and G-br3, all four
NFIs generated a strong signal when incubated
with G-br2. Addition of anti-HA antibody to NFIX-
enriched nuclear extracts resulted in a supershifted
band (arrowhead), indicating that HA-NFIX binds to
G-Br2. The residual band in this lane is of the same

Fig. 2. Oligonucleotides used for
the gel-shift experiments. The NFI
consensus binding site sequence is
indicated on top. The primers used
to generate (a) B-FABP NFI binding
regions (B-br1, B-br2, and B-br3)
and (b) GFAP NFI binding regions
(G-br1, G-br2, andG-br3) are shown
with the NFI consensus sites indi-
cated in bold. (c) Site-directedmuta-
genesis was used to convert the
third and fourth residues of the
GFAP NFI binding regions from
GG to AA (indicated in small
letters). Both these residues have
been shown to be critical for binding
to NFI. The sequences of the NFI,
Sp1, and AP-2 oligonucleotides are
based on consensus binding sites.
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intensity as that seen in pCH control and likely
represents endogenous NFIs binding to G-br2.
To address whether the shifted band observed in

the pCH (control) lanes represents endogenous NFI
bound to G-br oligonucleotides, we carried out
supershift experiments with an anti-NFI antibody
previously used to supershift the endogenous NFI–
B-br1 complex.21 This antibody preferentially recog-
nizes NFIC, although it can also bind to NFIX (data
not shown). Addition of anti-NFI antibody to G-br2
oligonucleotides in the presence of nuclear extracts
derived from pCH-transfected T98 cells produced a
supershifted band (shown by arrow), indicating the

presence of an anti-NFI antibody–NFI protein–G-
br2 oligonucleotide tri-complex (Fig. 6c). The weak
intensity of the supershifted band combined with
the decrease in intensity of the shifted band indicates
that the anti-NFI antibody used in these experiments
interferes with the binding of the transcription factor
to G-br2. As expected, neither anti-AP-2 antibody
nor anti-Pax6 antibody produced a supershifted
band or affected NFI binding to G-br2.
Next, we examined binding of the four NFIs to

labeled oligonucleotides corresponding to the three
NFI-like binding sites in the upstream region of the
B-FABP gene. Gel-shift assays indicated that all four

Fig. 3. Binding of NFI to G-br1, G-br2, and G-br3. Gel-shift experiments were carried out with radiolabeled G-br1,
G-br2, or G-br3 double-stranded oligonucleotides and (a) T98 or (b) U251 nuclear extracts. DNA binding reactions were
electrophoresed in a 6% polyacrylamide gel in 0.5× TBE buffer to separate unbound DNA and DNA–protein complexes.
Where indicated, a 100-fold excess of unlabeled competitor oligonucleotides was added to the DNA binding reaction.
The asterisks indicate that the NFI binding site was mutated.

286 B-FABP and GFAP Gene Regulation in Malignant Glioma



Author's personal copy

NFI proteins could effectively bind B-br1 and B-br2
(Fig. 6d), although NFIC and NFIX generated a
stronger signal than did NFIA and NFIB when
incubated with B-br1. The most striking differential
binding was observed when B-br3 oligonucleotide
was used as the probe, with NFIX producing the
strongest signal, followed by NFIC, then NFIA.
Incubation of B-br3 with nuclear extracts from
NFIB-transfected cells produced only background
signal. Combined, our results suggest that specific
NFIs (alone or in combination with other proteins
found in the nuclear extracts) preferentially bind to
specific NFI recognition sites.

Transcriptional regulation of GFAP and B-FABP
by NFI proteins

To study the role of the different members of the
NFI family in the regulation of B-FABP and GFAP
promoter activity in vivo, U251 cells were co-
transfected with (i) plasmids containing the chlor-
amphenicol acetyltransferase (CAT) reporter gene
under the control of either the GFAP (pCAT/GFAP-
1708) or the B-FABP (pCAT/B-FABP-1785) upstream
region and (ii) NFI expression constructs. Ectopic
expression of NFIA had the strongest effect on the
GFAP promoter, increasing CAT activity by 5.4-fold
compared with cells transfected with pCH control
vector (Fig. 7a). In comparison, NFIB, NFIC, and
NFIX expression constructs increased GFAP-driven
CAT activity by 2.9-, 2.1-, and 2.7-fold, respectively.
In contrast, ectopic expression of either NFIC or
NFIX resulted in a 2.2- and 1.9-fold reduction in
B-FABP promoter activity, respectively (Fig. 7b).
No differences in CAT activity were observed in
cells co-transfected with pCAT/B-FABP-1785 and
either the NFIA or NFIB expression construct.
The β-galactosidase expression construct under

the control of the SV40 promoter was initially used

to control for plate-to-plate variation in transfection
efficiency. However, the SV40 promoter was found
to be highly responsive to NFIC. To preclude any
modifying effect of NFIs on control reporter genes,
we used Southern blotting of nonintegrated (Hirt)
DNA to control for transfection efficiency.45 As
shown in Fig. 7c, there was little variation in the
level of nonintegrated plasmid DNAwithin each set
of transfected cells. Thus, the CAT activity shown in
Fig. 7a and b is a direct measurement [in counts per
minute (cpm)] of acetylated [14C]chloramphenicol,

Fig. 4. Binding of NFI to B-br2.
Gel-shift experiments were carried
out with radiolabeled B-br2 double-
stranded oligonucleotide. The
arrowhead indicates the protein–
DNA complex specific to B-br2
(left) and B-br1 (right).

Fig. 5. ChIP analysis indicating that NFIs occupy the
endogenous GFAP and B-FABP promoters. ChIP analyses
were carried out using either a pan-specific anti-NFI
antibody or normal rabbit IgG and U251 cell lysates.
Primers flanking the NFI recognition sites identified in
the GFAP and B-FABP promoters (G-br1, G-br2, G-br3,
G-br2/3, B-br1, B-br2, B-br3, and B-br1/2/3) were used
for PCR amplification. Primers corresponding to the
proximal GAPDH promoter (200-bp upstream region)
were used as a negative control. Input DNA represents
DNA isolated from U251 cell lysates after sonication but
prior to immunoprecipitation. Input DNA reveals PCR-
amplified products of the expected sizes for all primer
combinations analysed.
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with cpm values obtained for each of the pCH/NFI
expression constructs compared with pCH control.
To determine whether overexpression of NFIs

affects endogenous GFAP and B-FABP protein
levels, we carried out Western blot analysis of
U251 cells transfected with individual NFI expres-
sion constructs. Although high levels of HA-tagged
NFI proteins were observed in transfected cells,
there were no significant differences in GFAP and
B-FABP levels compared with controls (Fig. 7d).
These results indicate that factors in addition to NFI
are required for regulation of endogenous B-FABP
and GFAP expression.
The role of NFIs in the regulation of GFAP and B-

FABP transcription was further investigated with the
use of an RNA interference approach to reduce
endogenous levels of specific NFIs in U251. Cells
were first transfected with control (scrambled) small

interfering RNA (siRNA) or siRNAs targetingNFIA,
NFIB, NFIC, or NFIX under conditions that resulted
in ∼90% transfection efficiency. Twenty-four hours
later, the same cultures were transfected with either
pCAT/GFAP-1708 or pCAT-B-FABP-1785. Cells
were harvested 60 h after the second transfection
and analysed for (i) endogenous NFIA, NFIB, NFIC,
and NFIX RNA levels (Fig. 8a); (ii) endogenous
GFAP and B-FABP RNA levels (Fig. 8b); and (iii)
pCAT activity (Fig. 8c). Real-time quantitative
reverse transcription-PCR (RT-PCR) analysis
revealed 79% or greater reduction in NFIA, NFIB,
NFIC, and NFIX RNA levels in NFI siRNA-
transfected cells compared with control siRNA-
transfected cells. Two separate experiments are
represented in Fig. 8a, with pCAT/GFAP-1708 co-
transfectants shown on the left and pCAT/B-FABP-
1785 co-transfectants shown on the right. Interest-

Fig. 6. Binding of NFIA, NFIB,
NFIC, and NFIX to GFAP and B-
FABP NFI recognition sites. Nuclear
extracts were prepared from T98
cells transfected with control (pCH),
pCHNFIA, pCHNFIB, pCHNFIC,
or pCHNFIX expression constructs.
(a) Western blot analysis of trans-
fected cells. Nuclear extracts (10 μg
per lane) were electrophoresed
through a 10% polyacrylamide–
SDS gel and electroblotted onto a
nitrocellulose filter. The filter was
incubatedwithmouse anti-HA anti-
body or mouse anti-proliferating
cell nuclear antigen antibody, and
the signal was detected using the
ECL system. (b) Gel-shift experi-
ments were carried out using radio-
labeled G-br1, G-br2, or G-br3 and
1 μg of nuclear extract. A supershift
experiment (labeled α-HA; middle)
was performed by incubating anti-
HA antibody with nuclear extracts
prepared from T98 cells transfected
with NFIX. The arrowhead shows
the supershifted band. (c) Super-
shift experiment using radiolabeled
G-br2, 1 μg of nuclear extract from
T98 transfected with pCH vector,
and anti-NFI, anti-AP-2, or anti-
Pax6 antibody. The arrowhead indi-
cates the position of the supershifted
band. (d)Gel-shift experimentswere
carried out using radiolabeledB-br1,
B-br2, or B-br3 and 1 μg of nuclear
extract.
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ingly, reduction of one NFI often resulted in up-
regulation of a second NFI, suggesting cross talk
between the different members of the NFI family.
For example, NFIA knock-down resulted in
increased NFIX RNA levels, NFIB knock-down
increased NFIA RNA levels, NFIC knock-down
decreased NFIB RNA levels, whereas NFIX knock-
down cells showed increased levels of NFIA RNA.
Next, we examined endogenousGFAP and B-FABP

RNA levels in NFI knock-down cells by real-time RT-
PCR. The most consistent and dramatic decreases in

endogenousGFAPRNA levels were observed in cells
transfected with NFIB and NFIC siRNAs, followed
byNFIX andNFIA siRNAs (Fig. 8b, top). Therewas a
slight (10–40% depending on the experiment) reduc-
tion in endogenous B-FABP RNA levels in cells
transfected with NFIA siRNA, indicating that NFIA
may play a positive role in B-FABP transcription. A
1.6- to 2-fold increase in B-FABP RNA was consis-
tently observed in NFIB knock-down cells (Fig. 8b,
bottom). These data suggest either that NFIB
functions as a repressor of endogenous B-FABP

Fig. 7. Co-transfection of NFI expression constructs with pCAT/GFAP or pCAT/B-FABP reporter genes. U251 cells
were co-transfected with pCAT/GFAP-1708 (a) or pCAT/B-FABP-1785 (b) and pCH/NFI expression constructs.
Acetylated [14C]chloramphenicol was measured (in cpm) from equal aliquots of transfected cell lysates using a
scintillation counter. The fold increases in CATactivity are relative to the pCH (empty vector) co-transfectants. The ratio of
pCAT plasmid DNA to pCH/NFI expression construct was 10:1 (i.e., 3.6 μg of pCAT plasmid DNA and 0.4 μg of pCH/
NFI expression construct per 60-mm plate). The results shown are an average of three to five independent experiments
with SEM indicated by the error bars. Statistical significance was determined using the unpaired t test. The asterisk
indicates that the data are significantly different from that of the pCH control (Pb0.05). (c) Southern blot analysis of
nonintegrated (Hirt) DNA from two representative experiments. Hirt DNA was extracted from the same fraction
(typically 1/5 or 1/4) of cells from each plate. Equal aliquots of DNAwere digested with BamH1, electrophoresed on a 1%
agarose gel, transferred onto nitrocellulose, and probed with 32P-labeled pCAT-basic vector DNA. The top band
represents the pCAT/GFAP-1708 DNA (left) and pCAT/GFAP-1785 DNA (right). The lower-migrating band represents
the co-transfected pCH/NFI–DNA. As shown here, there was little variation in amount of transfected DNA from plate to
plate. (d) Western blot analysis of B-FABP and GFAP in U251 cells overexpressing NFIs. U251 cells were transfected with
individual pCH/NFI expression constructs (4–8 μg per 100-mm plate) and cells were harvested 60 h later. Cell lysates
(50 μg/lane) were electrophoresed in a 13.5% acrylamide–SDS gel (HA, B-FABP, and actin) or 10% acrylamide–SDS gel
(GFAP), transferred onto PVDF membranes, and immunostained with mouse anti-HA antibody, rabbit anti-B-FABP
antibody, and mouse anti-actin antibody (13.5% gel) and mouse anti-GFAP antibody (10%). Primary antibodies were
detected with horseradish-peroxidase-conjugated secondary antibodies and the signal was detected using the ECL
reagent. Because levels of HA-tagged NFIB were consistently lower than those of the other NFIs, we transfected cells with
a range of pCH/NFIB DNA (0.8–16 μg per 100-mm plate). HA-NFIB levels increased up to 8 μg of transfected DNA and
remained constant from 8 to 16 μg of transfected DNA, suggesting posttranslational regulation of NFIB protein levels in
U251 cells.
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promoter activity or, more likely in light of the
elevated endogenous NFIB RNA levels observed in
B-FABP-positive glioma cells, that the increase in
NFIA RNA levels associated with NFIB knock-down
activates the B-FABP promoter.
As promoter analyses are classically carried out

using reporter genes, we also used the CAT reporter
gene under the control of the 1.7- or 1.8-kb GFAP or
B-FABP promoter, respectively, to investigate the
effect of NFI knock-down on transcriptional activity.
Analysis of CAT activity in U251 cells co-transfected
with pCAT/GFAP-1708 and NFI siRNAs revealed
decreased transcriptional activity in NFIA (37% of
control), NFIB (50%), and NFIX (48%) knock-downs
(Fig. 8c), suggesting a positive role for these three
NFIs in GFAP regulation. Surprisingly, CAT activity
was increased 2.3-fold in NFIC knock-downs even
though endogenous GFAP RNA levels were signi-
ficantly reduced in these cells. Similar to pCAT/
GFAP transfectants, decreases in CAT activity
were observed in cells co-transfected with pCAT/
B-FABP-1785 and either NFIA or NFIB siRNAs
(Fig. 8c), in support of a positive role for these
twoNFIs in B-FABP regulation. NFIC seems to play a
major repressor role in B-FABP transcription, as cells
co-transfected with NFIC siRNA showed a 15-fold
increase in B-FABP promoter activity. As mentioned
earlier, endogenous B-FABP RNA levels were not
altered upon NFIC knock-down (Fig. 8b). These
results suggest a fundamental difference in the way
that the NFIC transcription factor interacts with
chromosomal versus episomalB-FABP andGFAPNFI
binding sites.
To investigate whether decreases in endogenous

GFAP RNA were accompanied by decreases in
GFAP protein levels, we transfected U251 cells
with control siRNA or individual siRNAs targeting
each of the four NFIs. No decreases in GFAP protein
levels were observed 60 h after the initial transfec-
tion. However, significant decreases in GFAP were
observed after a second round of transfection with
NFIB, NFIC, or NFIX, but not NFIA, siRNAs
(Fig. 9a). After a total of three consecutive transfec-
tions, GFAP was barely detectable in NFIB, NFIC,
and NFIX siRNA transfectants and dramatically
reduced inNFIA siRNA transfectants. No alterations
in B-FABP protein levels were observed in U251 cells
transfected once with NFI siRNAs. After two rounds
of transfections, a slight increase in B-FABP was
observed in the NFIB knock-down cells, in agree-
ment with the RNA data (Figs. 9b and 8b). An ∼2–4-
fold decrease in B-FABP levels was observed in all
four NFI knock-downs after three consecutive
rounds of transfections, with the greatest reduction
observed in cells transfected with NFIX siRNA.
Because of the lag time, it is not clear whether the
reduction in B-FABP levels observed after three
rounds of transfection is a direct or indirect
consequence of NFI knock-down.
Overall, there was general agreement between the

NFI overexpression and knock-down data with
regard to GFAP. Overexpression of all four NFIs
increased ectopic GFAP promoter activity, whereas

reduction in the levels of all four NFIs decreased
endogenous GFAP RNA (and eventually protein)
levels. Furthermore, ectopic GFAP promoter activity
was decreased upon NFIA, NFIB, and NFIX knock-
down. The situation with B-FABP seems to be
considerably more complex as NFI overexpression
either had no effect (NFIA and NFIB) or resulted in
decreased ectopic B-FABP promoter activity (NFIC
and NFIX). Reduction in NFI levels was accompa-
nied by increased endogenous B-FABPmRNA in the
case of NFIB, decreased B-FABP protein levels after
multiple rounds of transfection, and either decreased
(NFIA and NFIB) or dramatically increased (NFIC)
ectopic B-FABP promoter activity.

Mutational analysis of NFI binding sites in the
GFAP promoter

We have previously shown that mutation of NFI
binding sites in the B-FABP promoter reduces its
transcriptional activity.21 Here, we extend the
analysis to GFAP by mutating the NFI recognition
sites in the GFAP upstream region (Fig. 10a), first in
the context of the pCAT/GFAP-168 construct, which
contains the G-br1 binding site, and second in the
context of pCAT/GFAP-1705, which contains all
three NFI binding sites.
As shown in Fig. 10b, a 3.2-fold increase in CAT

activity was observed with wild-type pCAT/GFAP-
168 compared with pCAT basic vector. To investi-
gate which of the four NFIs target G-br1, pCAT/
GFAP-168 was co-transfected into U251 cells along
with control or NFI siRNAs. Decreased CAT activity
was observed in the presence of NFIB siRNA and
increased CAT activity in the presence of NFIC
siRNA, indicating that at least these two NFIs bind
to G-br1 (Fig. 10c). In this regard, it is interesting to
note that NFIB and NFIC showed the weakest
binding to G-br1 based on the gel-shift assay
(Fig. 6b). Mutation of G-br1 in pCAT/GFAP-168
completely abolished its transcriptional activity,
with no further decreases observed upon co-
transfection of NFI siRNAs (Fig. 10b and c).
CAT activity was induced 7.6-fold in pCAT/

GFAP-1708-transfected cells compared with pCAT
basic vector (Fig. 10b). Mutation in G-br1⁎ resulted
in a 5.1-fold decrease in CAT activity (1.5-fold
increase compared with pCAT basic), mutation in
combined G-br2⁎/G-br3⁎ resulted in a 2.2-fold
decrease in CAT activity (3.4-fold increase com-
pared with pCAT basic), whereas combined muta-
tion of G-br1⁎/G-br2⁎/G-br3⁎ reduced CAT
activity 6-fold (1.3-fold increase compared with
pCAT basic), thus demonstrating the importance of
theNFI binding sites, particularly G-br1, in theGFAP
promoter. Although overall CAT activity was barely
above background in pCAT/GFAP-1708 G-br1⁎-
transfected cells, knock-down experiments revealed
a 2.9-fold increase in CAT activity in the presence of
NFIC siRNA, suggesting that NFIC can still interact
with G-br2 and G-br3 in the absence of G-br1.
Knock-down of NFIA in pCAT/GFAP-1708 G-br2⁎/
G-br3⁎-transfected cells produced themost dramatic
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decrease in CAT activity. As expected, only minor
variations compared with basal CAT activity were
observed in cells transfected with the triple-mutant
construct. These results indicate that G-br1 plays a
major role in GFAP regulation, although it is clear
that G-br2 and G-br3 are also involved in this
process. Mutation analysis in the context of the
GFAP-1708 promoter suggests a positive regulatory
role for NFIA primarily through G-br1 and an
inhibitory role for NFIC primarily through G-br2
and G-br3.

Combined NFI knock-downs reveal cross talk
between all four members of the NFI family

As shown earlier, knock-down of one NFI can
affect the levels of other NFIs, suggesting cross talk
between different members of the NFI family. To
further investigate the possibility of cross talk or
compensatory feedback loops within the NFI family,
we transfected U251 cells with the following
combinations of NFI siRNAs: NFIA/NFIB, NFIC/
NFIX, NFIA/NFIB/NFIC, NFIA/NFB/NFIX, and

NFIA/NFIB/NFIC/NFIX (Fig. 11). For these experi-
ments, the total concentration of siRNA used per
plate ranged from 10 nM for single transfectants
(NFIA) to 40 nM for quadruple siRNA transfectants
(NFIA/NFIB/NFIC/NFIX). As shown in Supple-
mentary Fig. 1, similar results were obtained for the
quadruple knock-downs when the total amount of
siRNA transfected per plate was 10 nM.
Transfection of combined NFIA/NFIB siRNAs

resulted in increased GFAP promoter activity com-
pared with NFIA siRNA alone (Fig. 11a). There was
a 1.5-fold increase in CATactivity in cells transfected
with combined NFIC/NFIX siRNAs, whereas
combined NFIA/NFIB/NFIC siRNAs generated
close to control levels of CAT activity. Knock-down
of all four NFIs resulted in a 60% decrease in CAT
activity compared with control transfectants. These
data support a role for all four NFIs in episomal
GFAP regulation and also indicate that the ratio of
the four NFIs may be an important determinant of
GFAP transcriptional activity, thus explaining the
“normalization” of GFAP promoter activity ob-
served upon transfection of multiple NFI siRNAs.

Fig. 8. Regulation of B-FABP and GFAP promoter activity by NFIs. U251 cells were transfected with 10 nM control
(scrambled),NFIA,NFIB,NFIC, orNFIX Stealth siRNAs, followed by pCAT/GFAP-1708 or pCAT/B-FABP-1785 (4 μg per
60-mm plates) 24 h later. Cells were harvested after an additional 60 h. (a) Quantitative RT-PCR analysis of NFIA, NFIB,
NFIC, and NFIX in two representative experiments, with pCAT/GFAP-1708 co-transfectants shown on the left and
pCAT/B-FABP-1785 co-transfectants shown on the right. The fold changes in endogenous NFIA, NFIB, NFIC, and NFIX
RNA levels (y-axis) are shown for each of the control, NFIA, NFIB, NFIC, and NFIX siRNA transfectants (indicated on the
x-axis). (b) Quantitative RT-PCR analysis of endogenous GFAP and B-FABP RNA levels in the two sets of transfectants
described in (a). GAPDH served as the standard for the quantitative RT-PCR analysis. Similar data were obtained in four
separate experiments. (c) CATactivity in U251 cells transiently transfected with siRNAs and pCAT vectors, as described in
(a). Changes in CATactivity are relative to the CATactivity obtained in cells co-transfected with control siRNA and either
pCAT/GFAP-1708 or pCAT/B-FABP-1785. The data are from three independent experiments, each carried out in
duplicate. SEM is indicated by the error bars. Statistical significance, determined using the unpaired t test, is indicated by
one asterisk (Pb0.05) or two asterisks (Pb0.001).

Fig. 9. Western blot analysis of B-FABP and GFAP in U251 cells transiently transfected with NFI siRNAs. U251 cells
were sequentially transfected three times with 10 nM control, NFIA, NFIB, NFIC, and NFIX Stealth siRNAs over a period
of 12 to 15 days. Cells were harvested after each transfection and whole-cell lysates were prepared. For the second and
third rounds of transfection, 1/10 of the cells were replated and retransfected and allowed to reach confluence prior to
harvest (and replating). Cell lysates (40 μg per lane) were electrophoresed, transferred onto PVDF membranes, and
immunostained with (a) mouse anti-GFAP and (b) rabbit anti-B-FABP antibodies. Membranes were then stripped and
probed with mouse anti-actin antibody. Primary antibodies were detected with horseradish-peroxidase-conjugated
secondary antibodies and the signal was detected using the ECL reagent. No changes in GFAP and B-FABP levels were
observed after the first transfection (data not shown). NTC, non-transfected control.
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In contrast to the GFAP promoter, knock-down of
combined NFIA/NFIB in pCAT/B-FABP-1785
transfectants resulted in a cumulative decrease in
B-FABP promoter activity [to background levels (or
27% of the levels observed with scrambled siRNA)
and 48% of levels observed with NFIA siRNA]
(Fig. 11b). These results suggest an important role
for both NFIA and NFIB in B-FABP transcription. It
is noteworthy that in spite of targeting all three
positive-acting NFIs while retaining the inhibitory
NFIC, the NFIA/NFIB/NFIX siRNA combination did
not result in a further decrease in CAT activity
compared with the NFIA knock-down. Inclusion of
NFIC siRNA in any combination of NFI siRNAs
(NFIC/NFIX,NFIA/NFIB/NFIC, orNFIA/NFIB/NFIC/
NFIX) increased B-FABP promoter activity, although
the fold increase in CAT activity was lower than that
obtained with NFIC siRNA alone (Fig. 8) and a
significant increase was observed only with the
NFIC/NFIX siRNA combination (Fig. 11b). The

quenching effect observed upon transfection of
NFIX siRNA along with NFIC siRNA (compared
with NFIC siRNA alone) suggests a positive role for
NFIX in B-FABP promoter activity, even though
single NFIX knock-down has little effect on this
promoter. Cultures transfected with all four NFI
siRNAs still showed a 2-fold increase in CATactivity
compared with control transfectants, demonstrating
the complex interplay between the positive-acting
and negative-acting NFIs.
We then investigated how knock-down of

combined NFIs might affect endogenous GFAP and
B-FABP RNA levels. In agreement with the single
NFI knock-down data indicating roles for all four
NFIs in endogenous GFAP regulation (Figs. 8 and 9),
all combinations of NFI siRNAs tested generated
significant decreases in endogenous GFAP levels.
The most significant reductions in GFAP RNAwere
observed when NFIC siRNA was included in the
siRNA mixes, as predicted by the single NFIC

Fig. 10. Mutational analysis of NFI binding sites in the GFAP promoter. (a) Schematic diagram of the GFAP promoter
region showing the relative location of the three NFI binding sites and the names of the wild-type (pCAT/GFAP-168 and
pCAT/GFAP-1708 carrying 168 and 1708 of 5′ flanking DNA, respectively) and mutant (pCAT/GFAP-168 G-br1⁎ with
mutated G-br1, pCAT/GFAP-1708 G-br1⁎, pCAT/GFAP-1708 G-br2⁎/3⁎ with mutated G-br2 and G-br3, and pCAT/
GFAP-1708 G-br1⁎/2⁎/3⁎mutated at all three NFI recognition sites) constructs. The transcription start site is indicated by
the arrow. (b) CAT activity (in cpm) obtained upon transfection of U251 cells with each of the wild-type and mutant
constructs indicated in (a) as well as pCAT basic (containing neither promoter nor enhancer). Four micrograms of DNA
was used to transfect each 60-mm plate. (c) Relative CATactivity obtained fromU251 cells transfected with 10 nM control,
NFIA, NFIB, NFIC, or NFIX siRNA, followed 24 h later by transfection with the indicated CAT reporter constructs (4 μg
per 60-mm plate). Changes in CAT activity are relative to the CAT activity obtained in cells co-transfected with the
indicated pCAT construct and control siRNA. The data are from three independent experiments, each carried out in
duplicate. SEM is indicated by the error bars. Statistical significance, determined using the unpaired t test, is indicated by
one asterisk (Pb0.05) or two asterisks (Pb0.001).
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siRNA knock-down data. Although decreases in
endogenous B-FABP RNA levels were also observed
with all combinations of NFI siRNAs tested, fold
changes were of considerably lower magnitude than
those obtained for endogenous GFAP.

Discussion

B-FABP and GFAP are normally found in radial
glial cells and astrocytes, respectively, and are co-
expressed in malignant glioma tumors and in a
subset of malignant glioma cell lines.20 Previous
experiments by us and by others have demonstrated
thatNFIs are involved in the regulation of theB-FABP
and GFAP genes.21,22,36,37,46 Tissue-specific expres-
sion patterns support a role for NFIs, particularly
NFIA, NFIB, and NFIX, in the regulation of genes

expressed in glial cells. For example, in postnatal
mice, NFIA and NFIB localize primarily to the white
matter of the cerebral cortex, suggesting a glial-cell-
specific distribution.28 In humans, NFIA and NFIX
are expressed in glial cells where they seem to have
greater transactivation capacity than NFIC.47,48 A
role for NFIA and NFIB in glia is supported by the
observation that bothNfia−/− andNfib−/−mice show
losses of midline glial structures, which are accom-
panied by significant reductions in GFAP levels.38,41

While brain defects have been reported in Nfix−/−
mice, there is no indication of glial defects in these
mice and GFAP RNA levels are not altered.39

We show here that all four NFIs are expressed in
malignant glioma cell lines, with a trend towards
higher levels of NFIB RNA in B-FABP/GFAP-
positive versus B-FABP/GFAP-negative lines. Both
ectopic overexpression and RNA interference were

Fig. 11. Regulation of episomal and endogenous GFAP and B-FABP promoter activity by combined NFI knock-downs.
U251 cells were transfected with control (scrambled),NFIA,NFIA/NFIB,NFIC/NFIX,NFIA/NFIB/NFIC,NFIA/NFIB/NFIX,
or NFIA/NFIB/NFIC/NFIX Stealth siRNAs (10 nM for each siRNA). (a and b) Twenty-four hours after siRNA transfection,
cells were transfected with pCAT/GFAP-1708 (a) or pCAT/B-FABP-1785 (b) (4 μg per 60-mm plate). Cells were harvested
after an additional 60 h, then lysed and assayed for CAT activity. Changes in CAT activity are relative to the CAT activity
obtained in cells co-transfected with control siRNA and either pCAT/GFAP-1708 or pCAT/B-FABP-1785. The data are
from three independent experiments. SEM is indicated by the error bars. Statistical significance, determined by the
unpaired t test, is indicated by one asterisk (Pb0.05) or two asterisks (Pb0.001). (c and d) Quantitative RT-PCR analysis of
endogenous GFAP (c) and B-FABP (d) RNA in U251 cells transfected with NFI siRNAs. Cells were harvested 60 h after
transfection. GAPDH served as the standard. SEM is indicated by the error bars.
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used to investigate the consequence of modulating
levels of NFIs on GFAP- and B-FABP-driven CAT
reporter activity. There was general agreement
between the two approaches in that NFIA had the
strongest positive effect on GFAP promoter activity,
followed by NFIB and NFIX. The NFI knock-down
data further suggested that NFIC plays a negative
role in the regulation of GFAP. In the case of B-FABP,
the NFI overexpression and knock-down data both
supported a role for NFIC in the down-regulation of
B-FABP transcription. Knock-down experiments
also demonstrated a role for NFIA and NFIB in the
up-regulation of B-FABP promoter activity, with the
most dramatic effect observed when both NFIA and
NFIB were targeted by siRNAs. These results
suggest that NFIA/NFIB heterodimers may be
particularly effective in the activation of B-FABP
transcription. A summary of the combined data
obtained with the NFI knock-down/CAT reporter
gene assay is schematically represented in Fig. 12a.
In contrast to ectopic promoter activity, NFI

overexpression had no effect on either endogenous
GFAP or B-FABP levels, indicating that (i) factors in
addition to NFI are required for the expression of
these two genes, and (ii) at least some of these
factors are in limiting amounts. RNA interference
experiments revealed an important role for each NFI
in the up-regulation of GFAP, with knock-down of
each NFI accompanied by dramatic decreases in
endogenous GFAP RNA (and subsequently protein)
levels. These results indicate that although knock-
down of one NFI can affect the levels of a different
NFI (e.g., up-regulation of NFIA upon NFIB knock-
down), members of the NFI family cannot fully
compensate for one another in the case of GFAP.
Thus, all four NFIs, or the ratio of the four NFIs, may
play critical roles in GFAP regulation.

Although results obtained with the ectopic versus
endogenous GFAP promoter are mostly in agree-
ment, the reduction in endogenous GFAP RNA (and
protein) levels observed upon NFIC knock-down is
inconsistent with the proposed inhibitory role for
NFIC in the context of episomal pCAT/GFAP-1708
DNA. Differing results have been reported by others
upon comparing promoter activity in an episomal
versus chromosomal context.49,50 A likely explana-
tion for this discrepancy is the nucleosomal organi-
zation of chromosomal versus episomal promoters.
While core histones in episomal DNA display
similar stoichiometry to that found in chromosomal
DNA, episomal templates have fewer H1 linker
histones resulting in a lower level of nucleosome
assembly (thus facilitating access to transcription
factors) compared with chromosomal DNA.51 In
this regard, it is important to note that NFIC has
been shown to play a chromatin restructuring role
at target promoter sites by specifically binding
histone H3 through its proline-rich transcriptional
activation domain.52 A consequence of NFIC
knock-down may therefore be reconfiguration of
the core nucleosome structure and reduced acces-
sibility of the endogenous GFAP promoter to
transcription factors (Fig. 12b). We propose that
NFIC functions as a transcriptional activator in the
context of the endogenous GFAP promoter through
its chromatin restructuring role and as a transcrip-
tional repressor in the context of the episomal
GFAP promoter through its classic DNA-binding
transcription factor role. In contrast, NFIA, NFIB,
and NFIX seem to serve as classic promoter-
binding transcriptional activators regardless of
GFAP promoter context.
Single and combined NFI knock-downs had

limited effects on endogenous B-FABP RNA levels,
with a maximum reduction of∼60% observed in the
NFIA/B/C/X quadruple knock-down. The increase
in B-FABP RNA levels observed upon single NFIB
knock-down is likely the consequence of a compen-
satory increase in NFIA. Furthermore, significant
decreases in endogenous B-FABP protein levels
were observed only after three rounds of NFI
siRNA transfections and may be an indirect con-
sequence of long-term reduction in NFI transcrip-
tion activity, as NFIs have numerous target genes.
The different effects observed at the endogenous
GFAP and B-FABP promoters upon NFI knock-down
could be explained by (i) the B-FABP transcript being
more stable than the GFAP transcript, (ii) NFIC not
playing a role in chromatin remodeling at the B-FABP
promoter, and/or (iii) different members of the NFI
family being able to compensate for one another at
the B-FABP but not the GFAP promoter.
An important outcome of the NFI knock-down

experiments was the discovery that there is cross
talk between different members of the NFI family.
The consequence of NFIA knock-down was up-
regulation of NFIX and vice versa, whereas knock-
downs of NFIC and NFIB resulted in reduced NFIB
and increased NFIA, respectively. These compensa-
tory effects are in keeping with the 2.2-fold increase

Fig. 12. Model of NFI transcriptional activity. (a)
Schematic representation of the relative importance
(indicated by font size) of the different NFIs in the up-
regulation (green) and down-regulation (red) of GFAP and
B-FABP promoter activity in an episomal context. (b) Roles
of NFIs in a chromosomal promoter context using GFAP as
our model. By binding to histone H3, NFIC (and possibly
other NFIs) relaxes the nucleosome structure, thus
facilitating binding of NFIs and other transcription factors
to GFAP upstream sequences.
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in Nfia observed in Nfib−/− mice41 and the 1.3-fold
increase in Nfib observed in Nfia−/− mice.53 Thus,
the increase in B-FABP RNA levels observed in the
brains of Nfia−/− mice based on microarray
analysis53 may be explained by the compensatory
increase in Nfib levels.
ChIP assays have previously demonstrated occu-

pancy of the endogenous GFAP promoter by NFIs in
primary cortical neuroepithelial cells.22 Here, we
demonstrate that NFIs also occupy the promoter
regions of the endogenous GFAP and B-FABP genes
in U251 malignant glioma cells. In vitro gel-shift
experiments using nuclear extracts from B-FABP/
GFAP-negative T98 and B-FABP/GFAP-positive
U251 cell lines revealed binding of NFIs to NFI
recognition sites in theGFAP and B-FABP promoters.
Retarded bands of similar intensities were observed
with both extracts, in spite of the fact that T98 has
lower levels of NFI RNA compared with U251.
Possible explanations for this apparent discrepancy
are that (i) NFI RNA levels may not reflect NFI
protein levels in T98 and U251 cells, (ii) hyperphos-
phorylation of NFIs in T98 may stabilize the protein,
or (iii) hyperphosphorylated NFIs may bind more
tightly to NFI recognition sites in vitro (although the
literature would suggest otherwise).35

To investigate whether different members of the
NFI family can preferentially bind to the NFI
recognition sites found upstream of the GFAP and
B-FABP promoters, we carried out gel shifts with
nuclear extracts prepared from T98 cells over-
expressing individual NFIs. NFIX showed the least
discrimination for NFI recognition sites, effectively
binding to the three G-br binding sites in the
GFAP promoter and the three B-br binding sites in
the B-FABP promoter in vitro. NFIA could also
bind to all six NFI recognition sites, although only
weakly to B-br3. NFIC seemed to recognize B-br
binding sites much more efficiently than G-br
sites, with strong binding to all three B-br sites.
NFIB showed the highest degree of discrimination,
binding to G-br2, B-br1, B-br2, and, to a lesser
extent, G-br1.
We examined the sequences of the B-FABP and

GFAP NFI binding sites in an attempt to link DNA
binding by the more discriminatory NFIs to one or
more specific target sequences. We found that none
of the six NFI binding sites (B-br1, B-br2, B-br3, G-
br1, G-br2, and G-br3) were identical with one
another and none were identical with the 15-bp
NFI consensus binding site TTGGCN5GCCAA.
The six NFI binding sites each had 1- to 3-bp
deviations from the consensus sequence. With the
exception of B-br2 (4-bp internal spacer), all had a
5-bp internal spacer. Interestingly, NFI binding
sites most closely resembling the consensus
sequence (e.g., B-br2, with a single base-pair
substitution at position 1; G-br2, with 2-ase-pairbp
substitutions at positions 11 and 12) were bound
equally well by all four NFIs. With the exception of
B-br1, NFI binding sites with 3-bp substitutions
(e.g., G-br3 and B-br3) demonstrated the highest
degree of differential binding.

There was little correlation between the ability of
NFIs to bind to G-br and B-br sites and NFI
transcription activity. For example, even though
NFIX and NFIA both formed complexes with all six
G-br/B-br oligonucleotides, NFIX knock-down had
little effect on B-FABP-driven CAT activity whereas
NFIA knock-down decreased the activity of both the
GFAP and the B-FABP promoters. These results are
in agreement with other reports indicating that
transcription factor binding affinity is a poor
predictor of transcription activity.54,55 Furthermore,
mutation of individual or combined G-br recogni-
tion sites suggests context-dependent binding by
NFIs, with NFIB knock-down having the strongest
effect on G-br1 in the context of the −168-bp
upstream region and NFIA knock-down resulting
in a significant decrease in CAT activity in the
context of the −1708-bp upstream region mutated at
G-br2⁎ and G-br3⁎ (leaving only the G-br1 intact). It
is clear that factors other than the ability to bind NFI
consensus sites in vitro are important for NFI
transactivation, including recruitment of transcrip-
tional cofactors and/or cooperative interactions
with different members of the NFI family or factors
that bind to neighboring elements.
A number of transcription factors and pathways

have been implicated in B-FABP and GFAP regula-
tion. For example, B-FABP has recently been shown
to be a downstream target of the Notch effector CBF1
in radial glial cells and of Pax6 in the neuroepithelial
cells of the developing rat cortex.56,57 Previous work
has identified a radial glial element located within
800 bp of the B-FABP transcription start site58 and a
hybrid Pbx/POU binding site at −370 bp.59 Simi-
larly, activator protein-146 and the transforming
growth factor-β, mitogen-activated protein kinase,
phosphatidylinositol 3-kinase, and Smad path-
ways60 are believed to be involved in the regulation
of GFAP in astrocytes. Our data indicate that NFIs,
in conjunction with other transcription factors,
should be added to the list of important transcrip-
tion factors involved in the control of B-FABP and
GFAP expression.
In conclusion, our data demonstrate the impor-

tance of all four NFIs, in conjunction with NFI
phosphorylation, in the regulation of GFAP and B-
FABP promoter activity in malignant glioma cells.
We show that there is cross talk between the
different members of the NFI family and that
particular NFIs or combinations of NFIs (either in
the form of homodimers or in the form of hetero-
dimers) are more effective at up-regulating or down-
regulating GFAP and B-FABP promoter activity. Of
note, significant differences in NFI transcriptional
activity were observed depending on whether the
promoter was in a chromosomal or episomal
configuration, likely reflecting a dual role for NFIs
in chromatin remodeling and as classic transcription
factors. Future work will involve ChIP to study the
in vivo occupancy of individual NFIs at the
endogenous GFAP and B-FABP promoters and to
identify additional NFI target genes in malignant
glioma.
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Materials and Methods

Cell lines, constructs, and transfections

The sources of the human malignant glioma cell lines
included in this analysis have been previously described,20

with the exception of M103, which was established by Dr.
Rufus Day (Department of Oncology, University of
Alberta) from a malignant glioma biopsy. Cells were
cultured in Dulbecco's modification of Eagle's minimum
essential medium supplementedwith 10% fetal calf serum,
penicillin (100 U/ml), and streptomycin (100 μg/ml).
The pCHNFI expression vectors (pCH, pCHNFIA,

pCHNFIB, pCHNFIC, and pCHNFIX) were obtained
from Dr. R. Gronostajski (Case Western Reserve Univer-
sity). The following CAT reporter gene constructs were
used for the B-FABP andGFAP promoter assays: (i) pCAT/
B-FABP-1785 containing 5′ B-FABP flanking DNA from
−1785 to +20 bp, (ii) pCAT/GFAP-168 with 5′ GFAP
flanking DNA from −168 to +8 bp, and (iii) pCAT/GFAP-
1708 with 5′ GFAP flanking DNA from −1708 to +8 bp.
Plasmids were introduced into the U251 malignant glioma
cell line by polyethylenimine (Polysciences, Inc.)-mediated
DNA transfection. Cells were harvested 60 h after
transfection, and a fixed portion (75% or 80% depending
on the experiment) was used to prepare lysates for CAT
activity. CAT activity was measured using 1/10 of the
lysates following the protocol supplied by Promega.
Acetylated [14C]chloramphenicol was measured (in cpm)
using a scintillation counter. To control for plate-to-plate
variation in amount of transfected DNA, a fixed portion of
the cells (20% or 25% depending on the experiment) was
used to isolate nonintegrated DNA.45 The DNA was
restriction enzyme digested, electrophoresed on a 1%
agarose gel, transferred onto nitrocellulose, and probed
with radioactively labeled pCAT basic DNA.
Single, double, and triple mutations of the three NFI

binding sites (G-br1, G-br2, andG-br3) located upstreamof
the GFAP transcription start site were generated by
sequential PCR.61 For single mutations, complementary
oligonucleotides carrying 2-bp substitutions (GG→AA) for
each of G-br1, G-br2, and G-br3 were used in conjunction
with upstream and downstream pCAT-1708 primers to
generate fragments corresponding to the 1708-bp GFAP
promoter region. GFAP promoter fragments mutated at
G-br1 (G-br1⁎), G-br2 (G-br2⁎), or G-br3 (G-br3⁎) (Fig. 2c)
were inserted in the pCAT basic vector. The double mutant
(G-br2⁎/G-br3⁎) was generated from the G-br2⁎ mutant,
whereas the triple mutant (G-br1⁎/G-br2⁎/G-br3⁎) was
generated from the G-br2⁎/G-br3⁎ double mutant.
Sequence analysis revealed that all mutated sites were as
expected, except for the G-br2 site in the triple mutant,
where GG was converted to AG instead of AA.

Northern blot analysis

Conditions for poly(A)+ RNA isolation, probe hybridi-
zation, washing filters, and stripping filters have been
described.20 The following probes were used for hybridi-
zation: 1.8-kb EcoRI/NcoI cDNA insert from humanNFIA
EST clone #45182 (Genome Systems, Inc.); 600-bp human
NFIB cDNA corresponding to sequences 934 to 1521 of
U85193 (GenBank accession number) generated by PCR
amplification; 800-bp EcoRI/HindIII cDNA insert from
human NFIC EST clone #129328; 700-bp PstI/XhoI cDNA
insert from human NFIX EST clone #154038; 500-bp
EcoRI/EcoRV GFAP cDNA insert (GenBank M78090)

(American Type Culture Collection, Rockville, MD); 700-
bp B-FABP cDNA insert20; and 500-bp mouse actin
cDNA.62

Quantitative RT-PCR analysis

Total RNA was isolated using the RNeasy Plus Kit
(Qiagen) and first-strand cDNA synthesized from 3.5 μg
of RNA using Superscript reverse transcriptase (Invitro-
gen). The cDNA was amplified using TaqMan Universal
PCR Master Mix and gene-specific oligonucleotides
(NFIA, Hs00325656_m1; NFIB, Hs00232149_m1; NFIC,
Hs00907819_m1; NFIX, Hs00958849_m1; GFAP,
Hs00157674_m1; B-FABP, Hs00361426_m1; GAPDH,
Hs99999905_m1) labeled at the 5′ end with the fluorescent
reporter dye FAM (Applied Biosystems) (ABI 7900HT Fast
Real-Time PCR System). All cDNAs were run in triplicate,
and the data were normalized using GAPDH.

Western blot analysis

Nuclear extracts were prepared as described.63 Whole-
cell extracts were prepared by resuspending the cells in
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.5% sodium
deoxycholate, 1% Nonidet P-40, 25 mM sodium pyropho-
sphate, 50 mM sodium fluoride, 1× Complete protease
inhibitor (Roche), 1 mM PMSF, and lysing cells on ice for
20 min. Protein extracts were electrophoresed in poly-
acrylamide–SDS gels followed by electroblotting onto
polyvinylidene fluoride (PVDF) or nitrocellulose mem-
branes. Blots were immunostained with mouse anti-HA
antibody (Sigma) (1:10,000), mouse anti-proliferating cell
nuclear antigen antibody (BD Biosciences) (1:1000), rabbit
anti-B-FABP20 (1:2000), mouse anti-GFAP antibody (BD
Biosciences) (1:10,000), and mouse anti-actin antibody
(Sigma) (1:50,000). Primary antibodies were detected with
horseradish-peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch Biotech) using the ECL detec-
tion system (Amersham Biosciences).

Gel-shift assay

The gel-shift assay was carried out as described.64 The
sequences of the B-FABP (B-br1, B-br2, and B-br3) and
GFAP (G-br1, G-br2, and G-br3) NFI binding regions are
listed in Fig. 2. Complementary oligonucleotides were
annealed and radiolabeled by filling in with Klenow
polymerase in the presence of [α-32P]deoxycytidine
triphosphate. Site-directed mutagenesis of G-br1, G-br2,
and G-br3 was carried out by substituting the conserved
GG residues at positions 3 and 4 of the NFI consensus
binding site with AA (Fig. 2). NFI, Sp1, and AP-2 double-
stranded oligonucleotides were generated by annealing
5′-ATTTTGGCTTGAAGCCAATATG-3′ and 5′-CATATT-
GGCTTCAAGCCAAAAT-3′ (NFI consensus binding site
is underlined), 5′-GATCGATCGGGGCGGGGCGATC-3′
and 5′-GATCGCCCCGCCCCGATCGATC-3′ (Sp1), and
5′-GATCGAACTGACCGCCCGCGGCCCGT-3′ and 3′-
ACGGGCCGCGGGCGGTCAGTTCGATC-3′ (AP-2).
Nuclear extracts from T98, U251, as well as T98 cells

transiently transfected with 10 μg of pCH control vector or
pCHHA-tagged NFIA, NFIB, NFIC, and NFIX expression
constructs were prepared as described earlier. Nuclear
extracts (4 μg for T98 and U251 and 1 μg for transfected
cells) were preincubated in the presence of 1.25 μg of poly
(dI–dC) in binding buffer [20 mM Hepes (pH 7.9), 20 mM
KCl, 1 mM spermidine, 10 mM dithiothreitol, 10%
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glycerol, 0.1% Nonidet P-40] for 10 min at room temper-
ature. When included, a 100× molar excess of unlabeled
competitor oligonucleotide was added during the pre-
incubation stage. For supershift experiments, 1 μl anti-HA
antibody (clone H7, Sigma), 1 μl anti-NFI antibody
(obtained from Dr. Naoko Tanese, NYU Medical Center,
New York, NY), 1 μl anti-AP-2 antibody (negative control)
(Santa Cruz Biotechnology, Inc.), or 1 μl anti-Pax6 anti-
body (negative control) (Developmental Studies Hybri-
doma Bank maintained by the University of Iowa under
contract NO1-HD-7-3263 from the National Institute of
Child Health and Human Development) was included in
the preincubation reaction. Labeled DNAwas added and
incubated for 20 min at room temperature. DNA–protein
complexes were resolved on a 6% polyacrylamide gel in
0.5× TBE (Tris–borate–EDTA).

Knock-down of endogenous NFIs

The following Stealth siRNAs were used to transfect
U251 cells: NM_005595_stealth_919 targeting 5′-GAAA-
GUUCUUCAUACUACAGCAUGA-3 ′ of NFIA,
NM_005596_stealth_1020 targeting 5′-AAGCCACAA-
UGAUCCUGCCAAGAAU-3′ of NFIB, NM_005597_
stealth_1045 targeting 5′-CAGAGAUGGACAA-
GUCACCAUUCAA-3′ of NFIC, NM_002501_stealth_752
targeting 5′-GAGAGUAUCACAGACUCCUGUUGCA-3′
of NFIX, and control siRNA (cat. nos. 12935-200 and
12935-300) (Invitrogen). Cells were transfected with 10 nM
Stealth siRNAs targeting individual NFI genes using the
RNAi-MAX Lipofectamine reagent (Invitrogen). Where
appropriate, cells were transfected the following day with
either GFAP- or B-FABP-CAT constructs using the
polyethylenimine reagent. Cells were harvested 60 h
after the last transfection. When multiple rounds of
siRNA transfections were carried out, 9/10 of cells were
harvested at confluency and 1/10 of the cells were
replated and retransfected.

Chromatin immunoprecipitation

ChIP was carried out according to Pillai et al.65 U251
cells were cross-linked with 1% formaldehyde for 20 min
at room temperature. The cross-linking reaction was
terminated with the addition of glycine to a final
concentration of 0.125 M. Cells were harvested by cell
scraping in 1× phosphate-buffered saline, washed, and
resuspended in lysis buffer [44 mM Tris–HCl (pH 8.0), 1%
SDS, 10 mM EDTA (ethylenediaminetetraacetic acid),
1 mM PMSF, and 1× Complete protease inhibitor cocktail].
Cells were sonicated for 3×30 s at 30% output (model
300VT, Ultrasonic Homogenizer, BioLogics, Inc.). After
sonication, ChIP lysate was precleared by incubation with

protein A–Sepharose beads (GE Healthcare). The pre-
clearedChIP lysatewas incubatedwith either 3 μg of rabbit
anti-NFI antibody (N-20; Santa Cruz Biotechnology) or
3 μg of rabbit IgG (negative control) at 4 °C overnight.
ProteinA–Sepharose beadswere added to the ChIP lysate–
antibody mixture and incubated for an additional 2 h at
4 °C. Beads were washed and protein–DNA complexes
were eluted in 0.1 M NaHCO3, 1% SDS, 5 mM NaCl.
Cross-links were reversed by incubation at 65 °C for 5 h.
Proteins were digested with proteinase K and the DNA
was purified using a DNA purification kit (Marligen
Rapid PCR purification system). Primers used to amplify
specific regions of the GFAP, B-FABP, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; negative
control) promoters are listed in Table 1. PCR conditions
were 95 °C for 2min, followed by 30 cycles at 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 s, followed by an additional
7-min incubation at 72 °C. PCR products were resolved on
a 1% agarose gel and detected using ethidium bromide.
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