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Transcription factors of the nuclear factor 1 (NFI) family
regulate normal brain development in vertebrates. However,
multiple splice variants of four NFI isoforms exist, and their
biological functions have yet to be elucidated. Here, we cloned
and analyzed human NFI-X3, a novel splice variant of the nfix
gene, which contains a unique transcriptional activation (TA)
domain completely conserved in primates. In contrast to pre-
viously cloned NFI-X1, overexpression of NFI-X3 potently ac-
tivates NFI reporters, including glial fibrillary acidic protein
(GFAP) reporter, in astrocytes and glioma cells. The GAL4
fusion protein containing the TA domain of NFI-X3 strongly
activates the GAL4 reporter, whereas the TA domain of
NFI-X1 is ineffective. The expression of NFI-X3 is dramati-
cally up-regulated during the differentiation of neural progeni-
tors to astrocytes and precedes the expression of astrocyte
markers, such as GFAP and SPARCL1 (Secreted Protein,
Acidic and Rich in Cysteines-like 1). Overexpression of
NFI-X3 dramatically up-regulates GFAP and SPARCL1 ex-
pression in glioma cells, whereas the knockdown of NFI-X3
diminishes the expression of both GFAP and SPARCL1 in as-
trocytes. Although activation of astrocyte-specific genes in-
volves DNA demethylation and subsequent increase of histone
acetylation, NFI-X3 activates GFAP expression, in part, by in-
ducing alterations in the nucleosome architecture that lead to
the increased recruitment of RNA polymerase II.

Astrocytes are critical for the normal functions of the brain
but also play a destructive role in many diseases of the central
nervous system. Nevertheless, mechanisms controlling their
differentiation and astrocyte-specific gene expression are only
partially understood. Astrocyte differentiation is promoted by

the activation of several signaling pathways, including the
JAK-STAT pathway (1–3), the activation of SMADs (Similar
to DrosophilaMothers Against Decapentaplegic) (3, 4), the
activation of Notch signaling (5, 6), and the activation of
genes encoding the nuclear factor-1 (NFI)4 family of tran-
scription factors (7–13). During the vertebrate embryonic
development, neurons are generated first, followed by glia.
This neurogenic-to-gliogenic switch is induced by the activa-
tion of the JAK-STAT signaling pathway in neural precursors
by neuron-derived cardiotrophin-1 (2). Specifically, STAT3
induces production of BMP-2, which subsequently activates
SMAD1 (3). In turn, SMAD1 forms a complex with STAT3
and induces astrogliogenesis (14). In addition to JAK-STAT
and BMP-SMAD1 pathways, Notch signaling also affects glio-
genesis by activation of RBP-J� transcriptional activity (6, 15),
induction of NFI expression (13), and concomitant demethy-
lation of the astrocyte-specific regulatory elements.
The NFI family transcription factors have recently emerged

as important regulators of gliogenesis (13, 16, 17). These pro-
teins, encoded by four genes highly conserved from chickens
to humans (Nfia, Nfib, Nfic, and Nfix), regulate the transcrip-
tion of various cellular and viral genes as well as viral DNA
replication (16, 18). In vertebrates, products of these genes
(NFI-A, -B, -C, and -X) share conserved N-terminal DNA
binding and dimerization domains, followed by a subtype-
specific domain and a variable C-terminal transactivation do-
main (19).
In mammals, the NFI genes are expressed in overlapping

patterns during embryogenesis, with high levels of expression
of NFI-A, -B, and -X in the developing neocortex (20). The
Nfia and Nfib knock-out mice are characterized by neuroana-
tomical defects, including agenesis of the corpus callosum,
loss of specific midline glial populations, and a 5–10-fold de-
crease in the expression of glial fibrillary acidic protein
(GFAP), which is an astrocyte marker (11, 12, 21). In addition,
Nfib-deficient mice present aberrant hippocampus and pons
formation and die due to the defects in lung development
(11). The immature nestin-positive glia populate the hip-
pocampus of Nfib-deficient mice but fail to mature into

* This work was supported, in whole or in part, by National Institutes of
Health Grants R01NS044118 and R21NS063283 (to T. K.).

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. 1 and 2.

The nucleotide sequence(s) reported in this paper has been submitted to the
GenBankTM/EBI Data Bank with accession number(s) FJ861276.

1 Present address: Gurdon Institute of Cancer and Developmental Biology,
University of Cambridge, Cambridge CB2 1QN, United Kingdom.

2 Supported by National Institutes of Health Grant F31NS060433.
3 To whom correspondence should be addressed: Dept. of Biochemistry

and Molecular Biology, Virginia Commonwealth University, Richmond,
VA 23298. Tel.: 804-828-0771; Fax: 804-828-1473; E-mail: tkordula@vcu.
edu.

4 The abbreviations used are: NFI, nuclear factor 1; CAT, chloramphenicol
acetyltransferase; GFAP, glial fibrillary acidic protein; Luc, luciferase; TA,
transcriptional activation; qPCR, quantitative PCR; MNase, micrococcal
nuclease; PolII, polymerase II.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 9, pp. 7315–7326, March 4, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MARCH 4, 2011 • VOLUME 286 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 7315

http://www.jbc.org/cgi/content/full/M110.152421/DC1


GFAP-positive astrocytes (22). In contrast, disruption of the
Nfic gene results in early postnatal defects in tooth formation,
including the loss of molar roots and aberrant incisor devel-
opment (23). The Nfix knock-out mice have recently been
generated by two independent groups (24, 25), which re-
ported multiple effects (26). The Nfix gene knock-out causes
postnatal lethality in most of the animals and leads to hydro-
cephalus and partial agenesis of the corpus callosum (24).
These mice also develop a deformation of the spine with ky-
phosis, due to a delay in ossification of vertebral bodies and a
progressive degeneration of intervertebral disks. However,
Nfix knock-out mice survive on a soft chow diet but are char-
acterized by increased brain weight, expansion of the brain
along the dorsal ventrical axis, and aberrant formation of the
hippocampus (25). In summary, the knock-out phenotypes
suggest that NFI-A, -B, and -X are important for normal brain
development; however, the identity of the affected cell type(s)
is not clear. Recently, both NFI-A and -B were shown to regu-
late gliogenesis in the chick embryo, with NFI-A also control-
ling the maintenance of neural precursors (27). More recently,
NFI-C and -X were shown to regulate the expression of late
astrocyte markers during the differentiation of neural precur-
sors into astrocytes in vitro (28).

Alternative splicing is a common mechanism of generating
transcription factors with diverse functions in the brain (29–
32). Accordingly, transcripts of all four NFI genes are alterna-
tively spliced, yielding many different proteins from a single
gene (33, 34) with several different splice variants of NFI-X
identified in human cells (35). Here, we cloned and character-
ized a novel human NFI-X splice variant X3 (NFI-X3), which
regulates gene expression in primary human astrocytes. This
splice variant contains a unique transcriptional activation
(TA) domain that is remarkably conserved in mammals, in-
cluding mice, rats, dogs, macaques, and humans. Mechanisti-
cally, the TA domain of NFI-X3 activates GFAP expression, in
part, by inducing alterations in the nucleosome architecture
that lead to the increased recruitment of RNA polymerase II.

EXPERIMENTAL PROCEDURES

Cell Culture—Human BG01V embryonic stem cells
(ATCC, Manassas, VA) were cultured on a mitomycin C-in-
activated mouse embryonic fibroblast layer. Cells were cul-
tured in DMEM/F-12 medium, supplemented with 20%
knock-out serum replacement (Invitrogen), 1 mM L-gluta-
mine, 0.1 mM nonessential amino acids, 50 units/ml penicillin,
50 �g/ml streptomycin, 4 ng/ml basic fibroblast growth factor
(PeproTech, Rocky Hill, NJ), and 0.1 mM �-mercaptoethanol.
Cells were propagated in 4-day cycles and enzymatically pas-
saged with collagenase and trypsin. Human cortical astrocyte
cultures were established using dissociated human cerebral
tissue as described previously (36). Cortical tissue was pro-
vided by Advanced Bioscience Resources (Alameda, CA), and
the protocol for obtaining postmortem fetal neural tissue
complied with the federal guidelines for fetal research and
with the Uniformed Anatomical Gift Act. Human glioblas-
toma U373-MG cells and human embryonic kidney HEK293
cells were obtained from the ATCC, whereas human glioma
U87, U251, D54, and T98G cells were obtained from Dr. Jaha-

rul Haque (Cleveland Clinic Foundation, Cleveland, OH).
Cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, antibiotics, sodium
pyruvate, and non-essential amino acids.
Generation of Neural Progenitors—BG01V neural progeni-

tors were generated exactly as described previously (28).
Briefly, cells were grown in DMEM/F-12, supplemented with
15% defined FBS (Hyclone, Logan, UT), 5% knockout serum
replacement, 2 mM L-glutamine, 0.1 mM nonessential amino
acids, 50 units/ml penicillin, 50 �g/ml streptomycin, 4 ng/ml
basic fibroblast growth factor, and 10 ng/ml leukemia inhibi-
tory factor (Chemicon, Temecula, CA). Subsequently, cells
were grown for 7 days in differentiation medium composed of
DMEM/F-12, N2 supplement (Invitrogen), 2 mM L-glutamine,
50 units/ml penicillin, 50 �g/ml streptomycin, and 4 ng/ml
basic fibroblast growth factor. Subsequently, the mouse em-
bryonic fibroblast layer was removed, and cells were dissoci-
ated by Dulbecco’s PBS without calcium and magnesium, fol-
lowed by collagenase and trypsin incubation. Cells were then
plated on laminin- and poly-L-ornithin-coated dishes and
propagated in NB27 medium consisting of neurobasal me-
dium, B27 supplement (both from Invitrogen), 2 mM L-glu-
tamine, 50 units/ml penicillin, 50 �g/ml streptomycin, 20
ng/ml basic fibroblast growth factor, and 10 ng/ml leukemia
inhibitory factor. Cells were maintained by passaging using
trypsin.
Differentiation into Astrocytes—To generate astrocytes,

neural progenitors were cultured on laminin- and poly-L-or-
nithin-coated dishes in DMEM, supplemented with 10% FBS,
2 mM L-glutamine, 50 units/ml penicillin, 50 �g/ml strepto-
mycin, and nonessential amino acids for 21–24 days.
Down-regulation of Target Genes—Expression of NFI-X

mRNAs was down-regulated using SmartPool siRNAs
(si-panNFI-X) fromDharmacon (Lafayette, CO). The NFI-X3-
specific siRNAs (si-NFI-X3) was designed (software provided
on the Dharmacon Web site) to specifically target mRNA en-
coded by exon 9 (5�-UCCUAUGCCUGAUUCCAAAUU-3�).
siRNA was transfected into astrocytes using Dharmafect 1,
according to the manufacturer’s instructions.
RNA Isolation and Quantitative PCR—RNA was prepared

by TRIzol (Invitrogen), following the manufacturer’s protocol.
Subsequently, 1 �g of total RNA was reverse-transcribed us-
ing the High Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA). GFAP, SPARCL1 (secreted protein acidic
and rich in cysteine-like protein 1), NFI-X, and GAPDH
mRNA levels were measured using premixed primer-probe
sets, and TaqMan Universal PCR Master Mix according to the
supplier’s instructions (Applied Biosystems, Foster City, CA).
The cDNAs were diluted 10-fold (for the target genes) or 100-
fold (for GAPDH), and amplified using the ABI 7900HT cy-
cler. Gene expression levels were normalized to GAPDH
mRNA levels and presented as -fold induction with mean val-
ues � S.D. Statistical analysis was performed by one-way
analysis of variance. Differences were considered statistically
significant when p values were �0.05. The expression of
NFI-X3 splice isoform was analyzed using the Power SYBR
Green PCR kit (Applied Biosystems, Foster City, CA) and the
following primers: 5�-GTCGCTCGAGTCAG AGGAACCA-
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GGACTG-3� and 5�-GGTAGCGGCCAGGGCAAAG-3� (the
exon 9-specific primer).
Western Blotting—Cells were lysed in 10 mM Tris, pH 7.4,

150 mM sodium chloride, 1 mM EDTA, 0.5% Nonidet P-40, 1%
Triton X-100, 1 mM sodium orthovanadate, 0.2 mM PMSF,
and protease inhibitor mixture (Roche Applied Science). Sam-
ples were resolved using SDS-PAGE and electroblotted onto
nitrocellulose membranes (Schleicher & Schuell). The anti-
NFI, anti-GFAP, and anti-�-tubulin antibodies were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), whereas
anti-SPARCL1 antibodies were purchased from R&D Systems
(Minneapolis, MN). Antigen-antibody complexes were visual-
ized by enhanced chemiluminescence using an Immobilon
Western blotting kit (Millipore).
Synthetic Oligonucleotides—The following oligonucleotides

were synthesized to amplify the NFI-X1 from the astrocyte
cDNA: 5�-CGGAAGCTTCGCCATGTACTCCCCGTACT-
GCC-3� and 5�-TGTGCTCGAGTCAGAAAGTTGCCGT-
CCCG-3�. The NFI-X3 was amplified in two steps to avoid
the amplification of NFI-X1, which is the major splice iso-
form. The N-terminal part of NFI-X3 was amplified with
the primers 5�-GTGAAGCTTCGCCATGGATGAGTTCCA-
CCCGTTC-3� and 5�-GGTGATGGAGGAGTCAAG-3�,
whereas the C terminus was amplified with 5�-GGTGCGGC-
CAGGGCAAAG-3� and 5�-GTCGCTCGAGTCAGAGGAA-
CCAGGACTG-3�. Subsequently, both PCR products were
combined, and the full-length NFI-X3 was amplified with the
primers containing the HindIII and XhoI sites (underlined
above). The NFI-X3� lacking the NFI-X3 transactivation
domain was amplified using the N-terminal NFI-X3 and 5-
TACCCTCGAGTCACTGTCCGGTGGCCTGGC-3� prim-
ers. The transactivation domains of NFI-X1 and NFI-X3
were amplified using the following primers: 5�-AGGGGA-
TCCTGAAG GAGTTTGTGCAGTTT-3� and 5�-GTGTC-
TAGATCAGAAAGTTGCCGTC-3� (X1TD) and 5�-AGG-
GGATCCTGAAGGAGTTTGTGCAGTTT-3� and
5�-TCGTCTAGATCAGAGGAACCAGGACTGAG-3�
(X3TD). To generate plasmids expressing NFI-X1-FLAG and
NFI-X3-FLAG, the following reverse primers were used:
5�-TACCAGATCTGAAAGTTGCCGTCCCGGGGTC-3� and
5�-TACCAGATCTGAGGACCAGGACTGAGAC-3�.
Bisulfite Sequencing—250 ng of genomic DNA were con-

verted using the EZ DNA methylation kit (Zymo Research,
Orange, CA) according to the supplier’s instructions. Subse-
quently, PCR products were amplified using a pair of primers:
5�-TGTAAGTAGATTTGGTAGTATTGGGTTGG-3� and
5�-CCCTTTCCTAAACACAAACTAAATAAAACC-3�.
Products were cloned into pCR2.1 (Invitrogen), and five
clones were sequenced for each PCR product.
Plasmids—Reporter plasmids p10x(NFI)CAT and

pGFAP(�1745)CAT were described previously (37). The
p21(�2400)Luc reporter was provided by Dr. Bert Vogelstein
(Baltimore, MD) (38). The p5xGAL4-Luc reporter and
pCGal4 plasmid (pCDNA3.1 containing the Gal4 DNA-binding
domain) were gifts of Dr. Joseph Fontes (Kansas City, KS) (39,
40). The PCR products containing full-length NFI-X1, NFI-
X3, and NFI-X3 lacking its TA domain (NFI-X3�) were di-
gested with HindIII and XhoI and cloned into the HindIII/

XhoI sites of pcDNA5TO (Invitrogen). To generate vectors
expressing full-length NFI-X1-FLAG and NFI-X3-FLAG, the
PCR products were digested with HindIII and BglII and
cloned into the HindIII/BamHI sites of pCMV5aFLAG
(Sigma). Subsequently, HindIII/XhoI fragments were cloned
into the HindIII/XhoI sites of pcDNA5TO (Invitrogen). The
PCR products containing transactivation domains of NFI-X1
and NFI-X3 were digested with BamHI and XbaI and cloned
into the BamHI/XbaI sites of pCGal4.
Transfections—Cells were transiently transfected in 12-well

clusters using FuGENE6 transfection reagent (Roche Applied
Science) according to the supplier’s instructions. One day af-
ter transfection, the cells were harvested, protein extracts
were prepared, and the protein concentration was determined
by the BCA method (Sigma). Chloramphenicol acetyltrans-
ferase (CAT) and �-galactosidase assays were performed as
described (41). Luciferase (Luc) assays were performed using
a luciferase reporter assay kit (Promega Corp., Madison, WI).
CAT and Luc activities were normalized to �-galactosidase
activity and are means � S.E. (5–7 determinations). Differ-
ences were considered statistically significant when p values
were �0.05. To generate stable clones, 4 �g of NFI-X1, NFI-
X1-FLAG, NFI-X3, or NFI-X3-FLAG expression plasmids
were transfected into a 10-cm dish of U373 cells. Clones se-
lected in DMEM containing 75 �g/ml hygromycin were sub-
sequently pooled. Nucleofection was used to transiently trans-
fect U373 cells. Briefly, the cells (0.5 � 106/well of a 6-well
dish) were trypsinized, collected by centrifugation, and resus-
pended in 50 �l of T NucleofectorTM solution (Amaxa, Inc.,
Gaithersburg, MD). 0.8 �g of the respective plasmids were
added to the solution, and transfection was performed using
the Nucleofector device (Amaxa, Inc., Gaithersburg, MD)
with the electrical setting of T-20. One ml of warm DMEM
was added, and cells were incubated at 37 °C for 10 min and
transferred to 6-well plates containing culture medium. Typi-
cal efficiencies were greater than 70% with cell viability close
to 90%.
Chromatin Immunoprecipitation (ChIP) Assay—Cells were

cross-linked with 1% formaldehyde for 10 min at 37 °C and
then washed with ice-cold PBS containing 125 mM glycine
and 1 mM PMSF. Chromatin was sonicated and immunopre-
cipitated using specific antibodies exactly as described in the
chromatin immunoprecipitation protocol from Upstate Inc.
(Charlottesville, VA). The following antibodies were used:
anti-acetyl-histone H3 (06-599, Millipore), anti-trimethyl-
histone H3 Lys4 (07-473, Upstate, Inc.), anti-Pol II (05-623,
Millipore), and anti-FLAG (M2) (Sigma). The following
primers were used in the qPCR: 5�-GCATCGCCAGTCTA-
GCCC-3� and 5�-ATTCGAGCCAGGGAGAGGC-3� for the
GFAP promoter and 5�-TGCAAGCAGACCTGGCAGC-3�
and 5�-GCAAGCCCCCTGCTCAATG-3� for the GFAP
enhancer.
MNase Protection Assay—Three 10-cm dishes of cells were

used for nucleosome mapping. Briefly, cells were trypsinized,
washed with cold PBS, and resuspended in 2 ml of 60 mM

KCl, 15 mM NaCl, 5 mM CaCl2, 10 mM Tris, pH 7.4, 300 mM

sucrose, 0.1 mM EDTA, and 0.1% Nonidet P-40. Cells were
lysed with a Dounce homogenizer, and nuclei were pelleted
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by centrifugation and subsequently washed with 2 ml of
MNase digestion buffer (10 mM Tris, pH 7.4, 15 mM NaCl, 60
mM KCl, 0.15 mM spermine, 0.5 mM spermidine, and 1 mM

CaCl2). Nuclei were resuspended in 150 �l of MNase diges-
tion buffer (with 3 mM CaCl2), 10 units of MNase was added,
and samples were incubated for 1 h at 37 °C. DNA was puri-
fied using Puregene DNA purification kit (Qiagen, Valencia,
CA). DNA was analyzed by gel electrophoresis (�95% typi-
cally represented mononucleosomal DNA) and subsequently
quantified by qPCR using the Power SYBR Green PCR kit
(Applied Biosystems, Foster City, CA) and the following
primers: F1, 5�-CAGTGGGGTGAGGGGAG-3�; F2, 5�-GCC-
TCTGGGCACAGTGAC-3�; F3, 5�-GGCGTGCCCAG-
GAAGCTC-3�; F4, 5�-CACCTGCCTCATGCAGGAG-3�;
F5, 5�-ATG GTCCAACCAACCCTTTC-3�; R1, 5�-GCGA-
GGGCTTTATGAAGG-3�; R2, 5�-TGGGCTAGACTGG-
CGATG-3�; R5, 5�-GAGGCAGGTGGTACCTGG-3�;
and �3kb, 5�-GGTCTGAGGGTTGAGAAGG-3� and
5�-CCCTGTGTATGTGAGACAC-3�.

RESULTS

NFI-X3 Splice Variant Expressed in Astrocytes and Glioma
Cells Is Highly Conserved in Mammals—The structure of the
Nfix gene is highly conserved in vertebrates, including Xeno-
pus, rodents, canines, and primates. Moreover, the NFI-X
mRNA is alternatively spliced in these species, producing sev-
eral splice variants that have either been cloned or are pre-
dicted by the in silico analysis (reviewed in Ref. 35). In verte-
brates, one of the splice variants (which we named NFI-X3
due to the homology of its C-terminal part to the previously
cloned Xenopus NFI-X3) is generated by the inclusion of exon
9, which is absent in other splice variants, including NFI-X1
(see Fig. 2A). The incorporation of exon 9 in the NFI-X3
mRNA generates a frameshift placing the STOP codon of the
alternative exon 11 in frame. As a result, the translated
NFI-X3 protein possesses a long proline-rich C-terminal tran-
scription activation (TA) domain, which is unique to this
splice variant (Figs. 1 and 2A). On the amino acid level, the
TA domain of NFI-X3 is 100% conserved in primates and
dogs, whereas it differs by only 3 and 4 amino acids in mice
and rats, respectively (Fig. 1). In contrast, the NFI-X3 TA do-
main of Xenopus differs by 36 amino acids, including a 3-

amino acid-long insertion (Fig. 1). The functional properties of
XenopusNFI-X3 are not substantially different from the NFI-X1
and NFI-X2 splice variants (19). However, the absolute conserva-
tion of the TA domain of NFI-X3 in primates (and dogs) and
over 95% identity in rodents, suggested that it may have acquired
novel functions during the evolution of mammals. Because the
Nfix gene is important for mouse brain development and regu-
lates gene expression in human astrocytes, we analyzed whether
NFI-X3 is expressed by these cells. In fact, NFI-X3 was expressed
by primary human astrocytes and at much lower levels (5–10%)
by glioma cell lines, which represent cells that escaped the astro-
cyte differentiation process (Fig. 2, B andC). Interestingly, glioma
cells expressed low levels of all NFI-X transcripts, with the ratio
of NFI-X3 to total NFI-X significantly reduced (by �60%), thus
suggesting that NFI-X3may regulate gene expression during the
differentiation toward astrocytes, and therefore its expression in
glioma cells is greatly diminished. In order to analyze the func-
tions of NFI-X splice variants, we amplified NFI-X3 and NFI-X1
from primary human astrocytes. The C-terminal TA domains of
astrocyte-derived NFI-X1 and NFI-X3 were identical to the soft-
ware-predicted domains. However, in contrast toXenopus
NFI-X3 and humanNFI-X1, the N terminus of human astro-
cyte-derived NFI-X3 is encoded by the alternative exon 1a,
which results in a deletion of eight amino acids (Fig. 2A). Thus,
the unique conserved NFI-X3 splice variant is expressed by as-
trocytes, and it may be important for the differentiation of these
cells.
The TA Domain of NFI-X3 Is Critical for the Regulation of

Gene Expression in Human Astrocytes and Glioma Cells—In
order to analyze the transactivation potential of NFI-X3, we
used several reporters that respond to NFI proteins (9, 37, 42).
These reporters were analyzed in transient transfection ex-
periments of primary human astrocytes, glioblastoma, and
HEK293 cells (Fig. 3). In addition to NFI-X3, we also used
NFI-X1 to compare the transactivation by these two NFI-X
splice variants. Significantly, NFI-X3 but not NFI-X1 acti-
vated the GFAP reporter in both astrocytes and glioblastoma
cells (Fig. 3A); however, this reporter was not functional in
HEK293 cells (data not shown), indicating the requirement
for the astrocyte/glioma-specific factors. Because expression
levels of both NFI-X3 and NFI-X1 were comparable (Fig. 3A,

FIGURE 1. Alignment of the amino acid sequences of the TA domains of NFI-X3. Sequences were aligned with the ClustalW program. Dashes, gaps intro-
duced to maximize the similarity; light gray boxes, identical sequences; dark gray boxes, sequences that are similar. The full-length sequence of human
NFI-X3 was deposited into GenBankTM (FJ861276). The following sequences were aligned: Macaca fasicularis (AB172261), Macaca mulatta (XM_001110545),
Canis familiaris (XM_542036), Xenopus laevis (52), Homo sapiens (AAD38241), Mus musculus (NM_001081981), and Rattus norvegicus (EDL92203).
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inset), we conclude that NFI-X3 may be critical for the tran-
scription of GFAP in glial cells. In fact, the artificial NFI re-
porter, containing 10 NFI binding sites linked to the minimal
tk promoter (37), was similarly activated by 10-fold lower
amounts of NFI-X3 than NFI-X1 in human astrocytes (Fig.
3B). In addition to the activator functions, NFIs also repress
the expression of several genes, including p21(WAF1/CIP1)
(42). Surprisingly, both NFI-X3 and NFI-X1 efficiently re-
pressed the expression of the p21 reporter in astrocytes as
well as HEK293 cells (Fig. 3C). These data suggest that the
activation by NFI-X3 in glial cells may depend on its unique
TA domain; however, the repression is probably mediated by
a different part of the molecule, because the TA domains of
NFI-X1 and NFI-X3 are very different (Fig. 2A). To test these
TA domains, we fused them to the Gal4 DNA-binding do-
main (Fig. 4A) and co-transfected these constructs into astro-
cytes and HEK293 cells with the reporter plasmid p5xGAL4-
luc, which contains five Gal4 binding sites linked to the firefly
luciferase gene (40). The fusion protein containing the TA
domain of NFI-X1 could not induce the Gal4 reporter either
in astrocytes or HEK293 cells (Fig. 4B). In contrast, the fusion
protein containing the TA domain of NFI-X3 activated the
Gal4 reporter in both cell types (2.5- and 125-fold) (Fig. 4B).
Thus, the TA domain of NFI-X3 substantially differs in func-
tion from the one present in NFI-X1 and may regulate the
expression of target genes in astrocytes.
Regulation of NFI-X3 Expression during Astrocyte

Differentiation—We have recently developed an in vitro astro-
cyte differentiationmodel that allows for the analysis of mecha-

nisms regulating astrocyte-specific gene expression (28).We
used BG01V embryonic stem cells and differentiated them into
neural progenitors and thereafter to astrocytes (Fig. 5). Embry-
onic stem cells and neural progenitors expressed only minute
amounts of NFI-X (all NFI-X transcripts), including NFI-X3 (Fig.
5, top right). However, differentiation of neural progenitors to
astrocytes resulted in the significant activation of NFI-X expres-
sion (�20-fold after 21 days), with even greater expression of the
NFI-X3 (�37-fold in 21 days). The expression of NFI-X3 pre-
ceded the expression of twomarkers of late astrocyte differentia-
tion, GFAP and SPARCL1 (Fig. 5, bottom), therefore suggesting
that NFI-X3may regulate gene expression during the final stages
of astrocyte differentiation.
NFI-X3 Specifically Regulates the Expression of GFAP

and SPARCL1 in Human Astrocytes and Glioma Cells—In
order to evaluate whether NFI-X3 regulates the expression
of GFAP and SPARCL1, we designed siRNA specifically
targeting exon 9 of the nfix gene (Fig. 6A). For comparison,
NFI-X SMARTPool siRNA was used to knock down the ex-
pression of all NFI-X splice variants. In primary human astro-
cytes, the siRNA targeting exon 9 of the nfix gene efficiently
and specifically knocked down the expression of NFI-X3 (by
95%); however, this siRNA only diminished the expression of
total NFI-X by 10% (Fig. 6A) and had limited effect on the
expression of NFI-A, -B, and -C (supplemental Fig. 1). These
results indicate that mRNA encoding NFI-X3 constitutes
�10% of the total pool of the NFI-X mRNAs in astrocytes.
More importantly, the NFI-X3 knockdown resulted in the
inhibition of GFAP and SPARCL1 expression by 40 and 50%,

FIGURE 2. NFI-X3 is expressed by astrocytes and glioma cells. A, a model of exon composition of the nfix gene and the NFI-X1 and NFI-X3 transcripts (top)
and the amino acid (aa) sequences of the predicted TA domains (bottom). B and C, RNA was isolated from primary human astrocytes and the indicated gli-
oma cell lines and reverse transcribed. B, NFI-X1 and NFI-X3 have been detected in both astrocytes and U373 glioma cells using the indicated isoform-spe-
cific primers (XF and X3R for NFI-X3, X1F and X1R for NFI-X1). C, the expression levels of NFI-X3 (left) (SYBR Green qPCR) and total NFI-X (right) (TaqMan
qPCR) were analyzed as described under “Experimental Procedures.” Data were normalized to GAPDH mRNA and are presented as a percentage to human
astrocytes set as 100%. Experiments were repeated twice in duplicate. Error bars, S.D.
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respectively, which is almost identical to the repression found
using siRNA targeting the total pool of NFI-X (Fig. 6B). Im-
portantly, expression of NFI-X-independent genes (43), in-
cluding CD44, vimentin, and S100�, was not significantly af-
fected by these siRNAs (supplemental Fig. 1).
Next we generated NFI-X3 lacking its TA domain (NFI-

X3�) and analyzed whether stable overexpression of NFI-X3,
NFI-X3�, and NFI-X1 can induce the expression of GFAP
and SPARCL1 in glioma cells. We have chosen U373 cells,
which express relatively low levels of both of these markers,
and generated pools of cells overexpressing NFI-X3, NFI-
X3�, and NFI-X1 (Fig. 7A). Neither the morphology nor
growth of U373 cells was affected by the overexpression of
NFI-X1 or NFI-X3 (supplemental Fig. 2). However, cells over-
expressing NFI-X1 and NFI-X3 up-regulated the expression
of GFAP and SPARCL1 (Fig. 7A). Significantly, overexpres-

sion of NFI-X3 resulted in massive induction of both markers,
whereas overexpression of NFI-X1 had a much lower effect
(Fig. 7A). In contrast, NFI-X3� did not induce GFAP or
SPARCL1 expression, proving that TA domains of NFI-X1
and NFI-X3 are indispensable for the activation. Significantly,
overexpression of NFI-X1 or NFI-X3 did not affect expression
of CD44, vimentin, and S100� (supplemental Fig. 2). The data
of the knockdown and overexpression experiments suggest
that NFI-X3, although accounting for only 10% of total NFI-X
but possessing much greater transactivation potential than
NFI-X1, regulates the expression of GFAP and SPARCL1 in
both human astrocytes and glioma cells.
Alterations in the Nucleosome Architecture at the GFAP

Promoter Are Strongly Induced by the Unique TA Domain of
NFI-X3—Recently, NFI-A has been shown to induce dissocia-
tion of DNA methyltransferase 1 from the gfap regulatory

FIGURE 3. Differential effects of NFI-X3 and NFI-X1 on various gene reporters. Primary human astrocytes and HEK293 cells were transiently transfected,
whereas U373 cells were nucleofected as described under “Experimental Procedures.” Cells were transfected or nucleofected with 100 ng of the indicated
reporter plasmids, 400 ng of NFI-X1 or NFI-X3 expression vectors (A), or the indicated amounts of the expression vectors (B and C) as well as 50 ng of �-ga-
lactosidase expression vector. One day after transfection, cells were harvested. CAT or Luc activities were normalized to �-galactosidase activities to ac-
count for transfection efficiency. The putative binding sites for NFI, AP-1, p53, and SP1 are depicted in the schematic diagrams representing the reporters.
tk, a thymidine kinase minimal promoter. The inset shows the expression levels of NFI-X1 and NFI-X3. Experiments were performed three times (astrocytes)
or two times (U373 and HEK cells) in duplicate. Error bars, S.D.
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region and demethylation of the STAT3 binding site that is
critical for the induction of GFAP expression (13). To exam-
ine whether NFI-X3 activates GFAP expression via a similar

mechanism, we analyzed methylation of CpGs at the gfap
gene in the pools of cells expressing either vector, NFI-X3 or
NFI-X1 (Fig. 8A). However, all of the analyzed CpG, including

FIGURE 4. Comparison of the activities of TA domains of NFI-X1 and NFI-X3. Primary human astrocytes and HEK cells were transiently transfected with
100 ng of p5xGAL4-Luc, 400 ng of the indicated expression plasmids, and 50 ng of �-galactosidase expression vector. One day after transfection, cells were
harvested. (B) Luc activities were normalized to �-galactosidase activities to account for transfection efficiency. (A) The inset shows the expression levels of
fusion proteins. Experiments were performed three times in duplicate. DBD, DNA-binding domain. Error bars, S.D.

FIGURE 5. NFI-X3, GFAP, and SPARCL1 are coexpressed during the differentiation of astrocytes. Embryonic stem cells (ESC) were differentiated into
neural progenitors (NP) and then into astrocytes for 24 days as described under “Experimental Procedures.” RNA was isolated during this process every 3
days and reverse-transcribed, and the expression of NFI-X3 (SYBR Green qPCR), total NFI-X, GFAP, and SPARCL1 (all TaqMan qPCR) was analyzed by qPCR.
Target gene expression was normalized to GAPDH levels and is represented as -fold induction in reference to embryonic stem cells. Experiments were per-
formed three times in triplicate. Error bars, S.D.
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the one located within the STAT3 binding element, were
demethylated in vector, NFI-X3, and NFI-X1 clone pools.
These data excluded DNA demethylation as a regulatory
mechanism of NFI-X3-induced expression of the gfap gene.
The recruitment of histone acetyltransferases by the STAT3-
SMAD1 complex followed by acetylation of histones at the
promoters of astrocyte-specific genes is another mechanism
of their activation (14). However, despite drastically different
activation of the gfap gene by NFI-X3 and NFI-X1 (Fig. 7),
both of these splice isoforms similarly interacted with CBP
(Fig. 8B, inset). Furthermore, histone acetylation at the gfap
enhancer as well as the core promoter was comparable in vec-
tor, NFI-X3, and NFI-X1 clone pools as determined by ChIP
analysis (Fig. 8B), excluding histone acetylation as a mecha-
nism of activation. Nevertheless, the recruitment of RNA
PolII to the gfap promoter was significantly increased in NFI-
X3-expressing cells, which also correlated with the increased

histone H3 Lys4 trimethylation, a conserved mark of actively
transcribed chromatin (Fig. 8B). The increased recruitment of
RNA PolII could be a result of stronger binding of NFI-X3
than NFI-X1 to the NFI binding elements. To examine the
binding of both of these splice variants at the gfap regulatory
regions, we generated U373 pools expressing FLAG-tagged
NFI-X1 and NFI-X3. As expected, GFAP and SPARCL1 ex-
pression was strongly activated in NFI-X3-FLAG-expressing
cells (Fig. 7B). Nevertheless, binding of both NFI-X1-FLAG
and NFI-X3-FLAG to the gfap enhancer was similar (Fig. 8B),
whereas they did not bind to the gfap promoter as previously
reported (37).
Nucleosomes are an impediment to transcription, and

therefore they are evicted or remodeled during gene activa-
tion (44, 45). To understand the mechanism of NFI-X3-in-
duced activation of GFAP expression, we analyzed nucleo-
some positioning and occupancy at the gfap promoter using

FIGURE 6. NFI-X3 regulates the expression of GFAP and SPARCL1 in primary human astrocytes. Human astrocytes were transfected with 10 nM non-
targeting siRNA (si-con), 10 nM siRNA targeting NFI-X3 (si-NFI-X3), or 10 nM siRNA targeting all NFI-X transcripts (si-panNFI-X). RNA was isolated after 48 h,
and the expression of NFI-X3 (SYBR Green qPCR) and total NFI-X (A) and GFAP and SPARCL1 (B) (all TaqMan qPCR) was analyzed in triplicate (two experi-
ments). Data were normalized to GAPDH mRNA and are presented as a -fold induction in reference to untreated astrocytes. Error bars, S.D.
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MNase protection assay combined with qPCR (46). The 	1
nucleosome was positioned at approximately �130 to 	20
relative to the gfap transcription start site in vector, NFI-X3,
NFI-X3�, and NFI-X1 clone pools (Fig. 9A) (data not shown).
The upstream �1 nucleosome was also positioned at approxi-
mately �300 to �150 in these cells, indicating that both �1
and 	1 nucleosomes are not repositioned in cells overex-
pressing NFI-X1, NFI-X3, or NFI-X3�. Subsequently, we ana-
lyzed the relative occupancy of the 	1 nucleosome in all four
cell types. Although the accessibility of DNA to MNase cleav-
age at the 	1 nucleosome was increased in cells overexpress-
ing NFI-X1 and NFI-X3, the accessibility was substantially
greater in NFI-X3-overexpressing cells (Fig. 9B). Significantly,
the accessibility of DNA to MNase cleavage of vector- and
NFI-X3�-overexpressing cells was similar (Fig. 9B). Because
NFI-X1 and NFI-X3 differ by their TA domains, we conclude
that the unique TA domain of NFI-X3 induces stronger local
changes in the promoter nucleosome architecture that allow
for the increased RNA PolII recruitment (Fig. 8B) and subse-
quent activation of GFAP expression.

DISCUSSION

It is apparent that NFIs are critical for the proper develop-
ment of the brain; nevertheless, the vital target genes regu-
lated by NFIs and the molecular mechanisms of their regula-
tion remain elusive. To date, multiple NFI-responsive genes
have been identified in the brain, including the genes encod-
ing GFAP, ACT, SPARCL1, and S100B in astrocytes (28, 37,
47, 48); brain fatty acid binding protein in radial glial cells (7);
myelin basic protein in oligodendrocytes (49); and midsized

neurofilament in neurons (50). Because regulatory sequences
of these genes can bind all NFIs, their transcriptional regula-
tion in a given cell type, in part, depends on the availability of
a particular NFI isoform, the presence of the specific splice
variant, and probably the acquired post-transcriptional modi-
fications of the NFIs. In fact, NFIs are expressed in compli-
cated patterns during embryogenesis (20, 51), with NFI-A and
NFI-B expressed during early gliogenesis (27), whereas NFI-X
and NFI-C are expressed later in the differentiation of astro-
cytes and control the expression of late astrocyte markers
(28). NFIs are also phosphorylated, and this modification af-
fects their function (7).
To date, the functional importance of the multiple NFI

splice variants as well as the mechanisms controlling their
generation remain largely unknown. Significantly, the NFI
splice variants are evolutionarily conserved in mammals, and
their splicing mostly affects the C termini encoding their TA
domains, thus suggesting that these variants probably fulfill
very specific biological functions (35). In particular, the inclu-
sion of the exon 9 found in the NFI-A, NFI-B, and NFI-C gen-
erates a subset of relatively active transcription factors (NFI-
A1, NFI-B1, and CTF-1). In contrast to these isoforms, the
importance of alternative splicing of the NFI-X transcript was
controversial, because Xenopus and mouse splice variants
containing exon 9 were reported not to be particularly active
(19, 52). However, the TA domain of Xenopus NFI-X3 is dras-
tically different from the TA of the X3 variants found in
mammals (Fig. 1). Moreover, the repressive properties of the
previously cloned mouse NFI-X3 can be attributed to the par-

FIGURE 7. Overexpression of NFI-X3 but not NFI-X3� dramatically induces the expression of GFAP and SPARCL1 in glioma cells. Pools of U373 stable
clones transfected with plasmids expressing either NFI-X1, NFI-X3, NFI-X3�, or empty vector were cultured as described under “Experimental Procedures.”
RNA and cell lysates were prepared from the duplicate cultures, and media were collected. A, the expression of NFIs, GFAP (cell lysates), and SPARCL1 (me-
dium) was analyzed by Western blotting. RNA was reverse transcribed, and the expression of total NFI-X, GFAP, and SPARCL1 was analyzed in duplicate by
qPCR (two experiments). B, pools of U373 stable clones transfected with plasmids expressing either NFI-X1-FLAG, NFI-X3-FLAG, or empty vector were cul-
tured as described under “Experimental Procedures.” The expression of NFI-X, GFAP, and SPARCL1 was analyzed by qPCR as described above. Error bars, S.D.
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tial TA domain that lacks 14 C-terminal amino acids (52). In
fact, the full-length TA domain of the NFI-X3 splice variant is
remarkably conserved in mammals, with 100% identity in pri-
mates and dog, and contains 17 conserved proline residues
(Fig. 1). These proline residues are probably responsible for
the relatively strong activation of both the GFAP and NFI
reporters by NFI-X3 in astrocytes and glioma cells (Fig. 3, A
and B), activation of GFAP and SPARCL1 expression in dif-
ferentiating astrocytes (Fig. 5), and activation of GFAP and
SPARCL1 expression in cells overexpressing NFI-X3 (Fig. 7).
In contrast, NFI-X3�, which lacks its proline-rich TA do-
main, did not activate GFAP and SPARCL1 expression when
overexpressed (Fig. 7). The importance of the NFI-X3 TA
domain is further supported by the findings that the Gal4-
X3TA domain fusion protein efficiently activated Gal4 re-
porter (Fig. 4), whereas siRNA specific to exon 9 (present in
NFI-X3) abolished the activation of GFAP and SPARCL1 ex-
pression (Fig. 6). In contrast, NFI-X1 did not activate the
GFAP reporter in astrocytes and glioma cells (Fig. 3A), mildly
activated the NFI reporter in astrocytes (with approximately
10 times lower efficiency than NFI-X3) (Fig. 3B), and rela-

tively moderately activated SPARCL1 and GFAP expression
when stably overexpressed in glioma cells (Fig. 7). Moreover,
a fusion protein containing the NFI-X1 TA domain and the
Gal4 DNA-binding domain did not activate the Gal4 reporter
(Fig. 4). These data suggest that NFI-X3 serves as a strong
transcriptional activator, whereas NFI-X1 is either a repressor
or a relatively very weak activator. Surprisingly, both NFI-X1
and NFI-X3 repress some genes independently of their TA
domains, as observed for the p21 reporter (Fig. 3C) and p21
mRNA in cells overexpressing NFI-X1 and NFI-X3 (data not
shown); nevertheless, the mechanism of repression remains to
be established. In contrast to the TA domain of NFI-X3, a
deletion of 8 amino acids (exon 1A) did not affect NFI-X3
binding to the gfap enhancer (Fig. 8) or the repression of the
p21 reporter (Fig. 3C).

The question remains as to whether NFI-X3 plays an im-
portant biological role. Our data argue that NFI-X3 is mainly
responsible for the NFI-X-mediated regulation of GFAP and
SPARCL1 expression in primary human astrocytes because
the down-regulation of NFI-X3 expression has an identical
effect as the down-regulation of expression of the total NFI-X

FIGURE 8. NFI-X3 induces the recruitment of RNA PolII to the gfap promoter. A, DNA was isolated from U373-Vec, U373-NFI-X1, and U373-NFI-X3 cells
and bisulfite-converted, and methylation of suitable CpG was analyzed as described under “Experimental Procedures.” Empty circles indicate demethylated
CpGs. B, lysates from U373-Vec, U373-NFI-X1-FLAG, and U373-NFI-X3-FLAG cells were immunoprecipitated with anti-FLAG antibodies, and precipitates
were analyzed by Western blotting using anti-CBP and anti-NFI antibodies (inset). ChIP was performed using chromatin prepared from U373-Vec, U373-NFI-
X1, and U373-NFI-X3 cells or from U373-Vec, U373-NFI-X1-FLAG, and U373-NFI-X3-FLAG cells as indicated. Both the gfap enhancer and core promoter were
analyzed for the presence of acetylated histone H3, trimethylated histone H3 Lys4, RNA PolII, and NFI-X1 or NFI-X3 (anti-FLAG) using the antibodies de-
scribed under “Experimental Procedures.” NRS, normal rabbit serum used for immunoprecipitation. Results are shown as a percentage of input. Experi-
ments were performed three times. Error bars, S.D.
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pool (Fig. 6). Although NFI-X3 mRNA accounts for only
�10% of the NFI-X mRNAs (Fig. 6A), the 10 times stronger
activation potential (Fig. 3B) may explain its critical role in
gene regulation. Moreover, the expression of NFI-X3 is
strongly up-regulated during the differentiation of neural pro-
genitors toward astrocytes and precedes the activation of
GFAP and SPARCL1 expression (Fig. 5). Importantly, the ra-
tio of NFI-X3 mRNA/total NFI-X mRNA increases �2-fold
during the differentiation (Fig. 5). Conversely, this ratio is
decreased in various glioma cells, already expressing low lev-
els of all NFI-X transcripts (Fig. 2C), which may be viewed as
cells that exited astrocyte differentiation. However, NFI-X3
expression is not restricted to glia because we were also able
to detect NFI-X3 mRNA in other non-glial cells (data not
shown), thus indicating that NFI-X3 probably regulates tran-
scription in various cell types.
Although NFIs were discovered over 2 decades ago (53), the

molecular mechanism of NFI-mediated gene activation still
remains elusive. Interestingly, NFIs not only bind to their spe-
cific binding elements within the regulatory regions of target
genes but also interact with other transcription factors (54)
and histone H3 (55). Importantly, NFI-C (CTF-1) binding to

histone H3, in part, depends on its TA domain (55). NFI-C
can also be immunoprecipitated with remodeling complexes
containing Brg1 (56), suggesting that chromatin remodeling
may be the mechanism regulating NFI-dependent transcrip-
tion. Recently, the induction of the c-fos gene by MAPK sig-
naling has been shown to depend on the acetylation relay
switch that induces a local change in the nucleosome archi-
tecture allowing for NFI binding (57). Nevertheless, how NFI
recruitment increases c-fos expression is not clear. Our data
allow us to postulate a novel model of gene activation that
depends on the TA domain of NFI-X3. Our data suggest that
binding of NFI-X3 (and to a lesser extent NFI-X1) to the gfap
enhancer induces changes in the structure/occupancy of the
nucleosomes positioned at the promoter of the gfap gene (Fig.
9B). This localized alteration is probably an eviction of the 	1
nucleosome from the gfap promoter, which subsequently al-
lows for the increased binding of the general transcription
factors and the recruitment of PolII. In summary, our data
suggest that NFI-X3 is a critical splice variant of the nfix gene,
which regulates expression of late markers, such as GFAP, in
astrocytes via a mechanism that depends, in part, on the in-
duction of local alteration in chromatin architecture.

FIGURE 9. NFI-X3 induces alterations in the nucleosome architecture at the gfap promoter. Nuclei were isolated from U373-Vec, U373-NFI-X1, U373-
NFI-X3, and U373-NFI-X3� cells and digested with MNase as described under “Experimental Procedures.” A, the positions of mapped �1 and 	1 nucleo-
somes are indicated, and locations of qPCR primers are shown. qPCRs were performed on both MNase-treated and total genomic DNA of U373-Vec cells,
and the differences in Ct values are shown relative to the �3kb qPCR product (Ct values for �3kb were identical for genomic and MNase-treated DNA).
B, qPCRs were performed on MNase-treated DNA of U373-Vec (vec), U373-NFI-X1 (X1), U373-NFI-X3 (X3), and U373-NFI-X3� (�) cells as indicated, and the
differences in Ct values are shown relative to the �3kb qPCR product. Experiments were performed four times except for U373-NFI-X3� cells (one experi-
ment). C, model of transcriptional activation of the gfap gene expression by NFI-X3. DNA is demethylated at the gfap enhancer, which allows for binding of
the AP-1, NFI-X1/NFI-X3, and STAT3 in U373-NFI-X1/NFI-X3 cells. At the gfap promoter, histones are similarly acetylated in U373-NFI-X1 and U373-NFI-X3
cells. However, the unique TA domain of NFI-X3 induces stronger alteration of the nucleosome architecture (either remodeling or eviction) that allows for
both the increased PolII occupancy and transcription of the gfap gene. Error bars, S.D.
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