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Background. Nuclear factor IA (NFIA), a transcription factor and essential regulator in embryonic glial development, is highlyexpressed in
human glioblastoma (GBM) compared with normal brain, but its contribution to GBM and cancer pathogenesis is unknown. Here we
demonstrate a novel role for NFIA in promoting growth and migration of GBM and establish the molecular mechanisms mediating
these functions.

Methods. To determine the role of NFIA in glioma, we examined the effects of NFIA in growth, proliferation, apoptosis, and migration. We
used gain-of-function (overexpression) and loss-of-function (shRNA knockdown) of NFIA in primary patient-derived GBM cells and estab-
lished glioma cell lines in culture and in intracranial xenografts in mouse brains.

Results. Knockdown of native NFIA blocked tumor growth and induced cell death and apoptosis. Complementing this, NFIA overexpres-
sion accelerated growth, proliferation, and migration of GBM in cell culture and in mouse brains. These NFIA tumor-promoting effects
were mediated via transcriptional repression of p53, p21, and plasminogen activator inhibitor 1 (PAI1) through specific NFIA-recognition
sequences in their promoters. Importantly, the effects of NFIA on proliferation and apoptosis were independent of TP53 mutation status,
a finding especially relevant for GBM, in which TP53 is frequently mutated.

Conclusion. NFIA is a modulator of GBM growth and migration, and functions by distinct regulation of critical oncogenic pathways that
govern the malignant behavior of GBM.
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Glioblastomas (GBM) represent the most common primary and
deadly form of human brain tumors, with median survival of 15
months despite aggressive therapy.1 Many molecular aberrations
contributing to gliomagenesis are being uncovered.2,3 Growing evi-
dence also indicates possible links between glial fate determinants
and glioma formation. For example, Olig2, an oligodendrocyte fate
determinant, is a critical factor in the generation of gliomas in a
genetically defined mouse neurosphere model.4,5 Also, studies in-
volving astrocyte fate determinants have indicated that inhibition
of STAT3 reduces tumorigenicity of gliomas in vitro and in vivo.6 – 8

Here, we asked whether nuclear factor IA (NFIA), a glialfate deter-
minant, has a functional role in glioma pathogenesis.

The nuclear factor I (NFI) family of transcription factors are site-
specific DNA-binding proteins that bind to a specific motif
(TGGC(N5)GCCA) and function as activators or repressors of gene
expression.9 Among their functions, NFI genes also participate in
control of cell proliferation in vertebrate systems.9,10 NFIA, a
member of the NFI family, plays an essential role in glial develop-
ment in the central nervous system: it specifies glial identity, main-
tains glial progenitors, and regulates astrocyte differentiation in
part through transcriptional regulation of glial fibrillary acidic
protein (GFAP).11 – 14 More recently, our group and others discov-
ered an association between NFIA and human gliomas15,16 and
showed that NFIA is abundantly expressed in astroglial tumors
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compared with non-neoplastic brains.16 It was unknown, however,
whether NFIA is involved in regulation of glioma growth.

Here, we report novel tumor-promoting functions of NFIA in
GBM, demonstrating that NFIA increases cell proliferation and sur-
vival by repressing p53 and p21. Furthermore, NFIA promoted GBM
cell migration by repression of PAI1, an important regulator of cell
migration. Importantly, these effects were mediated via specific
NFIA-recognition sequences in the promoters of p53, p21, and
plasminogen activator inhibitor 1 (PAI1). Collectively, these data
suggest that NFIA is a critical component of the oncogenic
network that contributes to GBM aggressiveness.

Materials and Methods

Materials

ZVAD-FMK was purchased from Calbiochem, etoposide from Sigma, and
rhPAI1 from PeproTech. Anti-NFIA rabbit polyclonal antibody (1:1000)
was from V. Dawson, Johns Hopkins University, and Active Motif and specif-
ically detects NFIA but not other NFI family members.17,18 Other primary
antibodies for immunoblotting/immunohistochemistry were anti-GFAP,
mouse monoclonal (Millipore, 1:500); anti-polyadenosine diphosphate-
ribose polymerase (PARP, 1:1000); anti-caspase-8 (1:500), anti-cleaved
caspase-9 (1:500), anti-CKD2 (1:1000), anti-phospho-CDK2 (Thr160,
1:1000), anti-Rb (1:1000), anti-phospho-Rb (Ser780, 1:1000), rabbit poly-
clonal (Cell Signaling Technology); anti-GAPDH (1:10 000), mouse monoclo-
nal (Meridian Life Science); anti-p53 (1:500), anti-MMP2 (1:1000), and
anti-PAI1 (1:500), rabbit polyclonal (Santa Cruz); and anti-p21 (1:500),
mouse monoclonal (BD Pharmingen).

Cell Culture, Growth, and Soft Agar Assay
U251MG, LN18 GBM, and U87MG cells (ATCC) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and
L-glutamine (2 mM) and maintained in 5% CO2 at 378C. GBM1 human
primary GBM cells were isolated from a freshly resected tumor obtained
from NYU Human Brain Tumor Bank after IRB (7658) approval. Tumor was
dissociated using Papain Dissociation System (Worthington Biochemical)
according to the manufacturer’s instructions. Dissociated cells were resus-
pended and maintained as neurospheres in serum-free Neurobasal media
supplemented with N2, B27, and L-glutamine (Invitrogen), and growth
factors EGF and bFGF (20 ng/mL each; Sigma-Aldrich). A161T mutation in
TP53 was identified in GBM1 cells by PCR and sequencing. U87 cells have
wild-type TP53 and U251, and LN18 contains mutated TP53.19 Cells were
used according to the needs of the experimental design (ie, transfection ef-
ficacy, growth as monolayer, p53 mutation status, etc). Forcell growth ana-
lysis, glioma cells were enumerated by direct microscopic cell and counted
using trypan blue exclusion at day 3 post transduction. Soft agar assay
was performed using glioma cells freshly transduced with shRNAs or
stably expressing NFIA or vector. Briefly, 5×103 cells were seeded in soft
agar (20% serum), incubated for a period of 4 weeks, and photographed
at 28 days. Colonies larger than 0.1 mm were quantified using Photoshop.

Senescence-associated b-Galactosidase Assay
Three days after cells were infected with lentivirus containing shCont or
shNFIA, senescence-associated (SA) b-galactosidase was assayed at pH
6.0 according to the manufacturer’s instructions (InvivoGen). Three pic-
tures using phase contrast light microscopy were taken of each well, and
the number of b-galactosidase stained cells was counted.

Apoptosis Assays, Cell Cycle Analysis, and BrdU
Incorporation
Apoptosis was evaluated by labeling DNA breaks with fluorescein isothio-
cyanate–deoxyuridine triphosphate (FITC-dUTP) followed by flow cytome-
try using Apo-Direct kit (BD Biosciences Pharmingen) according to the
manufacturer’s instructions. For cell cycle analysis, cells were stained
with propidium iodide (PI)/RNase buffer for 30 min, and fluorescence was
measured using a FACS-Calibur flow cytometer. DNA histograms were gen-
erated using CellQuest software (Becton Dickinson). Cell proliferation was
measured using BrdU (5-bromo-2′-deoxyuridine) incorporation according
to manufacturer’s instructions (Calbiochem). Absorbance at 450 nm was
determined after 12 hours of labeling, and backgrounds were corrected
by subtracting absorbance at 590 nm.

Caspase-3 Activity
Caspase activity was measured using ApoTarget Caspase-3 Colorimetric
Protease Assay (BioSource) in 200 mg of lysate proteins according to the
manufacturer’s instructions. Absorbance at 400/405 nm was determined
after 16 hours of incubation (378C) with the substrate.

Plasmids
To express NFIA, we used pools of glioma cells transduced by lentiviral
vector containing HA-NFIA cDNA13 compared with vector control. These
cells continued to stably express HA-NFIA. To achieve efficient knockdown
of endogenous NFIA, we used Promega siRNA target designer. The selected
sequences were integrated into oligos containing a stem-loop sequence
and sites to facilitate cloning. Oligonucloetides were annealed and cloned
into a Bluescript-hU6 plasmid (EcoRI/HindIII). Clones were sequence-
verified, and the hU6-shRNA cassette was cloned into FG12 vector (XbaI/
XhoI). Orientation was confirmed via restriction digestion and sequence
analysis. For a nonsilencing control (shCont), we created 6 point mutations
to the shRNA sequence to disrupt annealing to endogenous NFIA tran-
scripts. NFIA expression in the transduced pools of cells was examined by
qPCR and immunoblotting and was stable for the duration of the cells’ via-
bility. Among the 4 sequences tested, *shNFIA3 (shNFIA) resulted in �80%
knockdown of NFIA (Supplementary material, Fig S2) and was used for
subsequent experiments. The sequences of shNFIA and shCont are:
5′-AGGCACATGGAGAACTAAAT-3′ and 5′-ATGCACGTGAAGACGTATAT-3′,
respectively. The plasmid containing p21 promoter (from 22341 to +9;
GenBank #U24170.1) was purchased from Addgene (Cat# 16462). p53
(from 2532 to 21; GenBank #J04238) and PAI1 (from 2816 to +104;
GenBank #NG_013213) promoters were cloned from human genomic
DNA by PCR using the primers F: 5′-GGGAGAAAACGTTAGGGTG-3′, R:
5′-CCAATCCAGGGAAGCGTG-3′ (p53) and F: 5′-CCTGTTTCCTTACCAAGCTT
TTAC-3′, R: 5′-AGGGGGGCGTGTGGGTCTTC-3′ (PAI1), respectively. Inserts
were ligated into pGL3-basic vector (Promega) using KpnI/XhoI sites. Muta-
genesis was performed using QuikchangeII site-directed mutagenesis kit
(Agilent Technologies) according to the manufacturer’s instructions.
pJP1520-CDKN1A (clone ID, HsCD00074777) and vector (clone ID,
EvNO00023114) were purchased from Arizona State University. See
Supplemental Methods for details.

Transient Transfection and Promoter Reporter Assays

Transient transfection was performed using calcium phosphate. To knock-
down p53, siRNA for p53 or control (Cell Signaling; cat# 6231 and 6568,
respectively; 100 nM) were transfected. After 1 day of lentiviral infection
with NFIA, shNFIA, or controls, cells were cotransfected with Renilla lucifer-
ase reporter plasmid (20 ng) and pGL3 Firefly luciferase plasmid (50 ng).
After 2 days of transfection, luciferase activities were measured using
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Dual Luciferase Reporter assay system (Promega) according to the manu-
facturer’s instructions.

RNA Extraction and RT-PCR

RNA was extracted using TRIzol, and first-strand cDNA was synthesized
using Super Script

TM

II Reverse Transcriptase (Invitrogen). qPCR analysis
was done with the StepOne real time PCR system (Applied Biosystems)
using SYBR Green PCR Master Mix (Invitrogen) and StepOne Software v2.1,
according to the manufacturer’s instructions. See Supplementary material,
Table S1 for the primers used.

Transwell Assay

Cell migration across Transwells was analyzed using Boyden polycarbonate
Transwell membrane chambers with 8 mm pores (Corning). DMEM with 10%
FBS was added to lower chambers, and cells in serum-free media were
seeded onto the filter of upper chambers. After 12 hours, migrated cells
were visualized using MTT staining (5 mg/mL, 3 h incubation) and photo-
graphed. The number of migrated cells was counted, and the extent of mi-
gration was expressed as cell number fold changes compared with controls.
Where noted, conditioned media or rhPAI1 were added to cells.

Wound-healing Assay

Twelve hours following seeding, confluent cell monolayers were treated
with mitomycin-C (10 mg/mL, 1 h) in serum-free DMEM to inhibit cell prolif-
eration and then washed with phosphate-buffered saline. Fresh DMEM con-
taining 10% FBS and rhPAI1 (1 ng/mL) was added to cells, and then wound
was created with a 10 mL pipette-tip. Pictures of the central region of wound
were taken immediately and at various time points after wound creation
using a phase-contrast light microscopy. Quantification was performed
on the images using Photoshop and calculated as percent of wound
closed at each time point.

In Vivo Tumor Formation

Intracranial orthotopic transplantation of glioma cells into mice and mon-
itoring by MRI and bioluminescence were performed as previously
described20,21 and in accordance with animal-research protocol at Chil-
dren’s Hospital Los Angeles. Glioma cells (2×105 viable cells verified by
trypan blue exclusion), freshly transduced with shRNAs or stably expressing
NFIA or vector, were implanted into the forebrains of 6–8 week old athymic
mice. MRI was performed 21 and 28 days after transplantation,21,22 and
tumor volume was quantified using Metamorph.

Immunohistochemistry

Cells or tissue sections were fixed with 4% paraformaldehyde and incu-
bated at 48C overnight with primary antibodies, followed by incubation at
room temperature with AlexaFluor-conjugated secondary antibodies (Invi-
trogen). After nuclei labeling (Hoechst), cells or sections were mounted with
Vectashield mounting media and analyzed using EclipseE800 microscope
(Nikon Instruments) and Nikon FDX-35 camera (Axiovision software, Carl
Zeiss), and Olympus IX71 microscope and Olympus U-CMAD3 camera (cell-
Sens software, Olympus).

Immunoblotting

Whole cell lysates were fractionated on 10 or 12% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Milipore). Blots were incu-
bated overnight (48C) with primary antibodies, probed with horseradish
peroxidase-conjugated secondary antibodies, and visualized by enhanced

chemiluminescence (Amersham). Immunodensitometry was measured
using ImageJ (National Institutes of Health).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 5.0c for MacIn-
tosh (GraphPad Software). All experiments were performed in triplicate and
repeated at least 3 times unless indicated otherwise. Data are expressed as
mean+standard deviation (SD). P-values were calculated by unpaired
Student’ t test. Significance level was set at P , .05.

Results

Expression of NFIA Modulates Glioma Cell Growth

We previously showed by immunohistochemistry that NFIA is
highly expressed in human astrocytomas of all grades com-
pared with non-neoplastic brains.16 Microarray data from Onco-
mine23 – 25 confirms that NFIA expression is indeed elevated in
malignant gliomas (Fig. 1A). Further, in silico analysis of GBMs
in The Cancer Genome Atlas (TCGA)26 demonstrates that NFIA
is high in proneural GBMs, a subgroup in which TP53 mutations
are more common, as well as in classical GBMs, which lack
TP53 mutations (Supplementary material, Fig. S1).

We found endogenous NFIA expression in cultured cells in both
patient-derived primary human GBM cells (GBM1) and in estab-
lished GBM cell lines (U251, LN18, U87) (Fig. 1B and C). Manipulation
of NFIA expression level affected cell growth such that ectopic
expression of NFIA increased the number of GBM cells in culture,
whereas shRNA knockdown of native NFIA (shNFIA) decreased
cell number compared with control shRNA (shCont) (Figs 1C, D
and S2). Despite the relatively lower overexpression level of NFIA
in the GBM1 neurospheres due to their lower infection efficiency,
the increase in cell numbers in response to NFIA was similar in
the 3 cell lines. This may be due to GBM1 being inherently more
responsive to the increase in NFIA level. Another possible explan-
ation for increased response to NFIA expression in GBM1 cells
could be yet-unidentified paracrine factors secreted in response
to NFIA expression, which would be anticipated to have more
marked effect in neurospheres and thus contribute to the
increased proliferation. Furthermore, colony formation in soft
agar was increased by NFIA overexpression by �20 times and
was decreased by NFIA knockdown (Figs 1E and S3). This suggests
that NFIA may have a novel tumor-promoting role in glioma cells.

NFIA Regulates GBM Proliferation and Cell Death

To evaluate the nature of NFIA’s effect on GBM cell number, we
assessed the effect of changing NFIA level on BrdU uptake in
both primary GBM cells and GBM cell lines. NFIA overexpression
increased BrdU incorporation by �30%–50% while shNFIA
decreased it (Fig. 2A), indicating that NFIA promoted GBM prolifer-
ation. In addition, knockdown of NFIA increased glioma cell death,
as reflected by increased number of cells in sub-G1 phase (Fig. 2B),
and increased caspase-3 activity (Fig. 2C). Furthermore, knock-
down of NFIA increased SA b-galactosidase staining of glioma
cells (Fig. 2D), consistent with increased senescence. NFIA knock-
down also increased cleavage of PARP, caspase-8, and caspase-9
(Fig. 2E), which is indicative of apoptosis.27 The broad-spectrum
caspase inhibitor, Z-VAD-fmk, effectively prevented PARP cleavage
in glioma cells expressing shNFIA, further supporting the caspase
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requirement in NFIA-dependent apoptosis (Fig. 2F). A “rescue”
NFIA (*NFIA), comprising the coding sequence of NFIA but
lacking the 3′UTR and thus resistant to the 3′UTR-targeted
shNFIA, reversed the shNFIA-induced PARP cleavage, demonstrat-
ing the specificity of the targeted NFIA knockdown (Fig. 2G). Lastly,
etoposide-induced apoptosis28,29 was reduced by greater than
4 times in NFIA-overexpressing cells (Fig. 2H), suggesting that
high NFIA expression may allow glioma cells to become resistant
to chemotherapy-induced apoptosis. Taken together, these data
demonstrate that NFIA promotes GBM cell proliferation and
survival and that loss of NFIA induces cell death and apoptosis.

Apoptosis Induced by Loss of NFIA Is Mediated Through p53

Loss of the TP53 tumor suppressor gene or loss of its function is a
common oncogenic event in GBM and increases resistance to
apoptosis.30 – 33 The increased apoptosis in shNFIA-treated cells
(Fig. 2) prompted us to ask whether p53 was involved. Indeed,
p53-wild-type cells (U87) treated with shNFIA showed increase in
nuclear p53 and nuclear fragmentation, characteristics of apop-
totic cells (Fig. 3A, arrowheads). Furthermore, transfection of
NFIA repressed p53 mRNA level in a dose-dependent manner
(Fig. 3B). Complementing this, shNFIA increased p53 protein
expression in these p53 wild-type cells (Fig. 3C). However, shNFIA

Fig. 1. NFIA promotes growth of glioma cells in culture. (A) NFIA expression is elevated in malignant gliomas. Whisker plots of NFIA mRNA levels in
malignant gliomas (AA, n¼ 19; GBM, n¼ 186) compared with normal brains were analyzed using 4 different datasets available from Oncomine (http
://www.oncomine.org). The numbers above the plots indicate the number of samples. Also see Figure S1. (B) NFIA is expressed in glioma cells.
Immunocytochemical staining for NFIA (green), GFAP (red), and Hoechst (blue). Scale bar: 50 mm. (C) Overexpression and knockdown of NFIA by shRNA
(shNFIA) was verified by immunoblotting of whole cell lysates on day 3 after infection with NFIA, empty vector, shNFIA, or shRNA control (shCont).
(D) Overexpression of NFIA increases, and shNFIA decreases the number of cultured glioma cells 3 days after infection with lentivirus NFIA (red),
shNFIA (blue), and controls (vector only and shCont). *P , .05: P-values between parental cells and controls were not significant. (E) 3D colony
formation in soft agar is increased in glioma cells overexpressing NFIA. U87 cells expressing NFIA, shNFIA, or controls 3 days after lentiviral
transduction were plated in soft agar, and colonies were evaluated after 28 days. Shown are representative fields (left) and quantification of colonies
larger than 0.1 mm (right) on day 28; n¼ 3, means+SD; *P , .05, **P¼ .01.

Lee et al.: NFIA promotes malignancy of glioma

194

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/2/191/1086339 by guest on 23 April 2024

http://www.oncomine.org
http://www.oncomine.org
http://www.oncomine.org
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not167/-/DC1


did not affect p53 protein expression in the p53-mutant cells,
GBM1, U251, and LN18 (Fig. 3C),19 which natively express stabilized
(and increased) mutant p53 protein compared with p53-wild-type
cells.34 To determine if the effect of NFIA on wild-type p53 expres-
sion was through transcriptional regulation, we measured p53 pro-
moter activity using p53 reporter constructs. These constructs

contained either a wild-type p53 basal promoter (p53-Luc-wt) or
a mutant counterpart (p53-Luc-mt), which we mutated in the
NFIA-binding site.35,36 This NFIA binding site in the promoter con-
forms to the predicted binding site of other NFI-family members
(Fig. 3D, top panel).35,36 Wild-type p53 promoter reporter activity
was repressed in U87 cells overexpressing NFIA and increased in

Fig. 2. NFIA controls proliferation and cell death. (A) NFIA promotes and shNFIA inhibits proliferation (BrdU uptake) of glioma cells freshly transduced with
lentivirus expressing NFIA (red), shNFIA (blue), and controls. Means+SD of 3 different experiments performed in 3 to 8 replicates; *P , .0001, **P , .05.
(B) Knockdown of NFIA increases sub-G1 fraction of glioma cells. GBM1 or U87 glioma cells transduced with shNFIA or control analyzed by propidium
iodide (PI) on day 3 after lentiviral infection; n¼ 3; *P , .0005, **P , .0001. (C) NFIA silencing increases caspase-3 activity. Caspase-3 activity was
determined on day 3 after infection with shNFIA or shCont; n¼ 3; *P , .005, **P , .01. (D) Glioma cells infected with shNFIA or control shRNA were
stained with SA-b-gal (x400) on day 3 of transduction. Quantification of SA-b-gal positive cells is on the right panel; n¼ 3, *P , .0001. Knockdown of
NFIA is shown in panel E. (E) Loss of NFIA causes apoptosis evidenced by cleavage of PARP, caspase-8, and caspase-9. Whole cell lysates of glioma
cells analyzed on day 3 after infection with shNFIA, vector control, or uninfected parental cells (immunoblotting). Shown is a representative
experiment of 3 experiments. (F) Caspase inhibitor, Z-VAD, blocks shNFIA-induced PARP cleavage. Whole-cell lysates of shNFIA and control-infected
U251 glioma cells 3 days after lentiviral infection and cultured with Z-VAD-fmk (20 mM) or vehicle (DMSO) for additional 24 and 48 hours were analyzed
by immunoblotting. (G) *NFIA (protein coding domain only, resistant to the shNFIA) reverses shNFIA-induced PARP cleavage in U251 glioma cells. After
24 hour infection with shNFIA or control in U251, cells were reinfected with *NFIA for 48 hours and analyzed for PARP cleavage (left). Right panel:
densitometric quantification; *P , .001, **P , .01. (H) NFIA protects glioma cells from etoposide-induced apoptosis. U251 glioma cells stably
expressing NFIA or vector were treated with vehicle (DMSO) or etoposide (ETP, 1 mg/mL) in serum-free medium for 24 hours. Apoptosis was assessed
using the Apo-Direct kit. Left panel: representative experiment of 3 experiments. The percentage of apoptotic cells (FITC-dUTP+ cells in top quadrants)
is indicated for each condition. Right panel: means+SD from 3 experiments; *P , .0001.

Lee et al.: NFIA promotes malignancy of glioma

Neuro-Oncology 195

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/2/191/1086339 by guest on 23 April 2024



cells treated with shNFIA (Fig. 3D, left panel and S4A). Furthermore,
use of p53-Luc-mt showed maximal increase in luciferase activity,
irrespective of knockdown by shNFIA treatment (Fig. 3D, right
panel), indicating that this mutation freed the p53 promoter
from NFIA-induced repression. To determine whether shNFIA-
induced apoptosis was indeed mediated by p53, we tested if
knockdown of p53 (sip53) would prevent shNFIA-induced increase
in caspase-3 activity (siCont; Fig S5 shows sip53 efficacy). Knock-
down of p53 attenuated shNFIA-induced caspase-3 activity as
well as baseline caspase-3 activity in shCont U87 cells (Fig. 3E),

consistent with the wild-type functional p53 in U87. Conversely,
p53 knockdown did not suppress baseline or shNFIA-induced
caspase-3 activity in GBM1 and U251 (Fig. 3E), consistent with
their mutant p53 status. Notably, NFIA knockdown itself increased
caspase-3 activity even in the GBM1 and U251 cells, suggesting
that caspase-3 activation induced by NFIA knockdown is mediated
via both p53-dependent and p53-independent mechanisms.
Taken together, these findings demonstrate that NFIA regulation
of apoptosis is mediated in part by transcriptional repression of
p53 and thus suggest the presence of a p53-independent pathway.

Fig. 3. Apoptosis induced by loss of NFIA is mediated by p53. (A) Immunofluorescence of U87 cells expressing shNFIA and control (shCont) 4 days after
transduction; p53 - red, Hoechst - blue. Arrowheads: examples of fragmented nuclei with high nuclear p53. Scale bar: 50 mm. (B) NFIA represses p53 mRNA.
p53, p21, and NFIA mRNA (RT-PCR) from U87 cells transduced for 2 days with 0, 1/27, 1/9, 1/3, 1 mg lentiviral plasmid containing NFIA cDNA and adjusted to
total 1 mg transfected DNA using empty-vector plasmid. Right panel: p53 mRNA normalized to GAPDH; n¼ 3; P , .0001 by 1-way ANOVA. (C) Loss of
NFIA induces p53 in p53-wild-type U87 cells but not in the p53-mutant GBM1, U251 and LN18 cells. Glioma cells 3 days post lentiviral transduction
with shNFIA or control shRNA were assessed for p53 and p21 expression by immunoblotting. (D) NFIA negatively regulates the p53 promoter. Top: NFIA
consensus-binding sequence (2199 bp) in the p53 promoter. Left: relative luciferase activity 48 hours after transfection of p53 luciferase reporter into
U87 cells stably expressing NFIA or vector or 3 days post lentiviral transduction with shNFIA or controls; *P , .005, **P , .05, see also Figure S4A. Right:
relative luciferase assay using a wild-type p53 reporter or a mutated counterpart with destroyed NFIA binding site (see top panel) in U87 cells 3 days
post lentiviral transduction with shNFIA or shCont; n¼ 3; *P , .01, **P , .001. (E) Knockdown of p53 attenuates shNFIA-induced caspase-3 activity in
U87 cells but not in p53-mutant cells (GBM1 and U251). Glioma cells 3 days post lentiviral transduction with shNFIA or shCont were treated with p53
siRNA or control siRNA (100 nM) for 48 hours, and caspase-3 activity was measured; n¼ 3, *P , .05; Representative protein expression and
densitometric analysis are shown in Figure S5.
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Growth Promotion Induced by NFIA Is Mediated Through
Repression of p21

The proliferative effect of NFIA in glioma cells and transcriptional
repression of wild-type p53 by NFIA prompted us to examine
whether p21 (CDKN1A, WAF1/CIP1), an important cell cycle regula-
tor and downstream transcriptional target of p53, was also regu-
lated by NFIA. Overexpression of NFIA effectively repressed p21
mRNA levels in a dose-dependent manner (Figs 3B and 4A–B). Fur-
thermore, phosphorylation of CDK2 and Rb, key cell cycle proteins
regulated by p21, was also increased by NFIA overexpression
(Fig. 4C). To test the role of p21 in mediating NFIA-induced GBM pro-
liferation and cell growth, we transiently expressed exogenous p21
in NFIA-overexpressing cells or their controls. As expected, ectopic
p21 expression repressed baseline proliferation and cell growth of
control glioma cells (Fig. 4D and E). Importantly, ectopic p21 also
completely abolished the NFIA-induced increase in cell growth
and proliferation (Fig. 4D and E) as well as phosphorylation of
CDK2 and Rb (Figs 4C and S6A–B). Using a p21 luciferase reporter
assay, we found that p21 promoter activity was repressed by over-
expression of NFIA and increased by knockdown of native NFIA
using shNFIA (Fig. 4F, left panels, and S4B). Mutation of the NFIA
binding site in the p21 promoter (p21-Luc-mt)37 itself increased
p21 promoteractivity in shCont cells (Fig. 4F, right panels), suggest-
ing that this NFIA binding site is functional. Interestingly, in
p21-Luc-mt cells, knockdown of native NFIA (shNFIA) further
increased reporter activity in U87 cells (.10 times), but not
in the LN18 p53-mutant cells (Fig. 4F, right panels). These
results suggest that the NFIA effect on p21 transcription is
mediated through both p53-dependent (NFIA�p53�p21) and
p53-independent (NFIA�p21) pathways in p53 wild-type cells,
while NFIA repression of p21 is p53-independent in p53-mutated
cells (NFIA�p21; schema in Fig. S6C). Taken together, these find-
ings suggest that NFIA is a critical regulator of p21 in glioma cell
proliferation via p53-dependent as well as p53-independent
pathways.

NFIA Enhances Migration of GBM Cells by Repression of PAI1

Local invasive growth and potent angiogenesis are 2 major
challenges of GBMs that hamper effective cure. Our earlier study
showed that NFIA expression is prominent in the perivascular
infiltrating tumor cells in gliomas,16 suggesting that NFIA may
play a role in tumor cell migration and/or invasion. Indeed, in a
tissue culture wound-healing assay, which is dependent on cell
migration, U251 cells overexpressing NFIA closed the wound
more rapidly than vector-expressing cells (Fig. 5A). Increased
migration of NFIA overexpressing U87 and U251 cells was
also observed in a Transwell assay (Figs 5B and S7A). These
observations demonstrate a novel promigratory role of NFIA in
glioma cells.

Interestingly, conditioned medium from NFIA-expressing cells
was also able to enhance migration of U87 vector-control cells
across the membranes of Transwells (Figs 5C and S7B), suggesting
an effect by a secreted factor. The plasminogen activation (PA)
system and its inhibitor PAI1 have been implicated in invasion, mi-
gration, and metastasis of cancers, including gliomas,38 through
activation of matrix metalloproteinases (MMPs) and degradation
of extracellular matrix proteins.39 In addition, PAI1 was found to
harbor the consensus NFI-binding motif within its promoter,40

suggesting that PAI1 may mediate NFIA-induced migration. We
therefore first examined whether NFIA could regulate PAI1 expres-
sion in glioma cells. Overexpression of NFIA in U87 and U251 cells
significantly reduced PAI1 protein levels and PAI1 mRNA expression
(Figs 5D and S7C). The effect of NFIA on PAI1 mRNA was specific, as
the mRNA levels of 2 other components of the system, the
urokinase-type plasminogen activator (uPA) and the uPA receptor
(uPAR), were unchanged (Supplementary material, Fig. S7D). Fur-
thermore, NFIA also decreased secretion of PAI1 and increased
processing of MMP2 to mature MMP2 in conditioned media of
NFIA-expressing U87 cells (Figs 5E, F and S7E). To determine
whether the effect of NFIA on PAI1 repression was also through
transcriptional regulation, we measured PAI1 promoter activity
using luciferase reporter constructs. PAI1 promoter activity was
repressed by overexpressing NFIA in U87 cells and increased in
cells treated with shNFIA (Figs 5G, left panel, and S4C). Mutation
of the NFIA binding site in the promoter of PAI in the reporter
(Fig. 5G, top panel, pGL3-PAI1-Luc mt) increased PAI1 promoterac-
tivity independently of native NFIA knockdown by shNFIA (Fig. 5G,
right panel). To demonstrate that downregulation of PAI1 was the
cause of the promigratory effect of NFIA in glioma cells, we tested if
recombinant human PAI1 (rhPAI1) could reverse the effect of NFIA
on migration. Indeed, addition of rhPAI1 to U87 cells overexpres-
sing cells abolished their NFIA-induced migration in Transwells
(Fig. 5H). Consistent with this, addition of rhPAI1 to the medium
also blocked NFIA-enhanced wound healing (Figs 5I and S7F).
Together, these findings suggest that NFIA promotes glioma cell
migration and that this is, at least in part, by transcriptional
repression of PAI1.

NFIA Is Necessary and Sufficient for Promoting Growth
and Invasion of Gliomas in Mouse Brain

Lastly, we evaluated the effect of NFIA expression on growth of
intracranial gliomas in vivo. Pools of U87 cells stably expressing
NFIA, NFIA-shRNA (shNFIA), or their controls (empty vector or
shCont, respectively) were implanted orthotopically into the fore-
brains of nude mice, and tumor growth was followed by MRI
(Fig. 6A). Tumors from NFIA-overexpressing cells were larger on
day 21 and day 28 compared with empty vector controls (Fig. 6A
and B). Complementing this, mice injected with shNFIA-
transduced cells did not form any tumors, whereas mice injected
with shCont-transduced cells exhibited tumors comparable with
those injected with empty vector controls (Fig. 6A and B). It is
possible that they were not capable of growing in vivo due to
their low proliferative capacity, ongoing senescence, and apop-
tosis, although shNFIA cells were viable and healthy-appearing
when injected intracranially on day 3 after their transduction.
Similar results were obtained using U251 cells expressing NFIA
and vector controls (Supplementary material, Fig S8). All mice
implanted with U87 cells overexpressing NFIA showed tumor-
relatedsymptoms by33 days (Fig.6C). Furthermore, the NFIA-over-
expressing tumors were more proliferative, as reflected by their
higher fraction of Ki-67-positive cells (Fig. 6D). Moreover, NFIA-
overexpressing U87 tumors, but not vector controls, demonstrated
invasion of tumor cells beyond the tumor border (Fig. 6E). These
findings are consistent with our in vitro results and suggest that
NFIA is necessary and sufficient for promoting growth and
migration of gliomas in vivo (Fig. 6F).
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Discussion

The NFI family of transcription factors are key regulators in
development and in central nervous system processes.9 We have
reported that NFIA, a member of this family involved in glial
development, is highly expressed in astrocytomas.16 In this
work, using gain-of-function and loss-of-function experiments,

we demonstrated that NFIA inhibited cell death and enhanced
cell survival, proliferation, and migration in GBM through negative
regulation of p53, p21, and PAI1. These newly described tumor-
promoting activities of NFIA establish a mechanistic link
between this glial fate determinant and GBM aggressiveness.

NFIA is critical in lineage decision during development: it
determines glial cell fate in the CNS and is also involved in

Fig. 4. Growth properties induced by NFIA is mediated by repression of p21. (A) NFIA represses p21 transcription. Normalized p21 mRNA relative to GAPDH
in U87 cells transduced with increasing NFIA plasmid as described in Figure 3B (RT-PCR). P , .0001 by 1-way ANOVA; n¼ 3. (B) GAPDH-normalized p21
mRNA in U251 and GBM1 cells stably expressing NFIA or vector control; qPCR; *P , .0001. (C) Overexpression of NFIA regulates phosphorylation of
cell-cycle dependent proteins, CDK2 (T160) and Rb (S780). Western blot of whole cell lysates of 18 hour serum-starved (ie, synchronized) glioma cells
stably expressing NFIA or vector control. (D and E) Overexpression of p21 inhibits NFIA-induced cell growth and proliferation. Cell growth (D) or BrdU
incorporation (E) were measured in U87 (p53-wild-type) or U251 (p53-mutant) cells stably expressing NFIA or vector that was transfected with p21 or
empty-vector plasmid for 48 h. (assessed as in Figs 1D and 2A). Representative protein expression and densitometric analysis are shown in Figure S6A
and B. *P , .01, **P , .0005 (D); *P¼ .001, **P , .0001 (E). (F) NFIA represses p21 promoter activity. Top: wild-type and mutant NFIA binding sites
(161 bp) in the p21 promoter luciferase reporter. Left: luciferase activity was measured 48 hours after transfection of p21 luciferase reporter into U87
(p53-wild-type; top panels) or LN18 (p53-mutant; bottom panels) cells stably expressing NFIA or vector or 3 days post lentiviral transduction with
shNFIA or controls; *P , .01, **P¼ .001; n¼ 3. Right: Relative luciferase activity of pGL3 wild-type (wt) or mutant (mt) p21 promoter transfected into
U87 or LN18 cells expressing shNFIA or shCont similar to the left panel; see also Figure S6C for a schema; *P¼ .0001, **P , .05 (U87); *P , .005, **P ,

.001 (LN18).
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Fig. 5. NFIA enhances migration in glioma cells through PAI1. (A) Wound healing in U251 cells stably expressing NFIA or vector was assessed at 0, 12, 24,
and 36 hours after wound was created. Migration into the wound was quantified as the percentage of wound closed at each time point; mean+SD; *P ,

.0001. (B) Transwell migration assay of U87 and U251 cells stably expressing NFIA or vector; n¼ 3; *P , .005, **P¼ .001. (C) Transwell migration of
U87-vector cells in conditioned media harvested from U87-vector or -NFIA stably expressing cells. Migration was measured as in B; *P , .005. See also
Figure S7B. (D) NFIA represses PAI1 expression. Top: U87 and U251 cells stably expressing NFIA show lower PAI1 protein level. A representative
immunoblotting of whole cell lysates; immunodensitometry from 3 independent experiments is shown in Figure S7C; *P , .0001. Bottom: relative PAI1
mRNA normalized to GAPDH in NFIA versus empty vector expressing cells in 3 experiments; quantification is shown in Figure S7C; *P , .001. (E) PAI1
secretion is suppressed in U87 cells overexpressing NFIA. Conditioned media from equal number of cells (2×105) stably expressing NFIA or vector were
harvested at the indicated times, analyzed by immunoblotting, and quantified by densitometry (see also Fig. S7E); *P , .05, **P¼ .0005.
(F) Conditioned medium (24 h) from U87 cells stably expressing NFIA or vector from equal cell numbers was analyzed for expression of MMP2 by
immunoblotting. Upper and lower arrows indicate pro and mature MMP2, respectively. Right: densitometry of MMP2 mature/total in 3 experiments;
*P¼ .0001. (G) NFIA represses the PAI1 promoter. Top: NFIA DNA binding site (-540 bp) in the pGL3-PAI1 promoter reporter plasmid: wild-type or
mutated to destroy the PAI1 binding site. Left: wild-type PAI1 reporter luciferase activity in U87 cells stably expressing NFIA or -vector, or 3 days post
lentiviral transduction of shNFIA, or controls; *P , .05, **P , .0005. Right: relative luciferase activity of pGL3 wild-type (wt) or mutant (mt) PAI1
promoter reporter in U87 cells expressing shNFIA or shCont; *P , .005, **P¼ .01. (H and I) Addition of recombinant human PAI1 (rhPAI1) inhibits
NFIA-induced migration in glioma cells. (H) Transwell migration of U87-NFIA or vector expressing cells with/without rhPAI1 (1 ng/mL). Left:
representative field of 5. Right: mean+SD migrated cells from 3 experiments; *P , .0001, **P , .005. (I) The effect of addition of rhPAI1 (1 ng/mL) in
U251-NFIA or -vector stably expressing cells was measured by wound-healing assay. Percentage of wound closure; *P , .0005, **P , .0001. See also
Figure S7F in Supplementary information.
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erythroid/granulocytic lineage decision of hematopoietic progeni-
tors. In cancer cells, however, NFIA may have differential roles.
While our study demonstrated a tumor-promoting role for NFIA
in glioma, overexpression of NFIA in chronic myelogenous leukemia
(K562) cells restores normal erythroid program,41 and knockdown
of NFIA in acute promyelocytic leukemia cells enhances myeloid
differentiation.42 In addition, NFIA gene silencing allowed
myeloid progenitors to enter terminal granulocytic commitment
through epigenetic modulation.43 This suggests that the function
and effect of NFIA may differ depending on the context and the
cell type.

TP53, a potent tumor suppressor that regulates cell cycle
progression and induces apoptosis, is frequently mutated in

GBM26,44 and is mainly regulated by posttranscriptional or post-
translational mechanisms. Our finding that part of the prosurvival
effect of NFIA is mediated via transcriptional repression of the p53
promoter uncovers a novel and important molecular mechanism
by which p53 signaling can be silenced in otherwise TP53-wild-type
GBMs. This may be particularly relevant in the classical GBM
subgroup tumors, which typically have wild-type TP5326 yet
express high NFIA mRNA (Supplementary material, Fig. S1),
which may suppress their wild-type-p53 and thus contribute to
tumor progression.

Loss of NFIA-mediated repression of p53 byfunctional mutation
of the NFIA binding site in the p53 promoter suggests that this re-
pression is highly sequence-specific and indicates that NFIA may

Fig. 6. NFIA is sufficient and necessary for glioma growth and invasion in mouse brain. U87 cells stably expressing NFIA or vector, or 3 days post lentiviral
transduction of shNFIA, or control were orthotopically implanted into the brains of nude mice and followed. (A) MRI of intracranial tumors (arrows) in
representative mice. Each brain is shown on day 21 and day 28 post tumor inoculation. (B) Mean+SD of tumor volumes on day 28 MRI, measured
using Metamorph. *P , .005 between NFIA versus control (n¼ 11 mice in each group); **P¼ .0001 between shNFIA vs shCont;n¼ 10 mice in each
group. Performed in 2 separate identical experiments. (C) Kaplan–Meier survival curve of mice implanted with U87 cells overexpressing NFIA and
vector control; n¼ 11 in each group; P , .001). (D) Ki67 immunohistochemistry of the orthotopic U87 tumors overexpressing NFIA or vector control.
Mice were euthanized on day 28 post inoculation, and Ki67-positive cells were counted in 2 high-powered fields (x400) from 3 tumors for each
condition. Bar graph shows means+SD; *P¼ .0005. (E) Ectopic expression of NFIA in U87 enhances migration in vivo. Small groups of satellite tumor
cells were found away from the main tumor mass in orthotopic U87 tumors overexpressing NFIA (examined at day 28). The inset of migrated cells is
shown in magnification. Empty vector-expressing tumors revealed well-circumscribed tumor border (examined at days 35–38). Migrated cells were
counted in 2 fields (x200) from 3 tumors for each condition; *P , .005. (F) NFIA promotes GBM growth by regulation of p53, p21, and PAI1. NFIA
suppresses p53, p21, and PAI1 expression, resulting in decreased apoptosis and increased proliferation and migration, which leads to the enhanced
tumor growth.
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target the p53 promoter in human GBM. Interestingly, Johannson
et al reported that NFIA has much lower affinity than another
isoform, NFIC2, to the NFI binding site in the mouse p53 promoter
and that it is not involved in p53 gene regulation in mammary epi-
thelial cells.45 This suggests that the effects of NFI family members
may be isoform-specific and/or cell-type specific, as previously
suggested.35,46

Our findings that NFIA knockdown caused apoptosis in both
p53-wild-type and p53-mutant GBM (Figs 2 and 3) indicate that
the anti-apoptotic effect of NFIA may have both p53-dependent
and p53-independent components. As p21 is a downstream
target of p53 and an inhibitor of cell cycle progression,47 our
finding that p21 was downregulated by NFIA in both p53-wild-type
and p53-mutated GBM cells may explain the p53-independent
effects of NFIA. NFIA repressed p21 luciferase reporter activity in
GBM cells via the NFIA-recognition site in the p21 promoter
(Figs 4Fand S4B), further suggesting that p53-independent repres-
sion of p21 by NFIA may contribute to the growth advantage in
p53-mutated GBM cells. The clinical relevance of this is further sup-
ported by TCGA analysis,26 which shows high NFIA in proneural
GBMs, a subgroup in which TP53 mutations are common (Supple-
mentary material, Fig S1). This suggests that the p53-independent
effects of NFIA may further contribute to growth of TP53-mutated
proneural GBMs.

Levels of cellular p21 are mainly controlled by transcriptional
regulation,48 in particular by wild-type p53. p53 binds to distal
regions on the p21 promoter at 22.26 kb and 21.37 kb,49 which
are both included in the p21 reporter construct used here. In our
studies, NFIA repressed p21 transcription via a proximal region at
-161 bp on the p21 promoter, a site that is distinct from the p53
recognition site (Fig. 4F). The proximal interaction of NFIA with
the p21 promoter seems to be a central inhibitory mechanism,
as other NFI family members also bind to this site and repress
p21 transcription in other cell types.37,46 Considering that NFIA
and p53 may bind to distinct sites in the p21 promoter, it is unlikely
that their binding would be competitive. This is supported by our
observation that the p21-Luc-mt reporter activity was higher
than that of the p21-Luc-wt in U87 control cells (p53 wild-type)
(Figs 4F and S6C). The increase in p21 promoter activity in U87
cells harboring the mutated p21 promoter reporter (and without
knockdown of NFIA) was likely due to inability of the native NFIA
to bind to this mutated p21 promoter reporter (Supplementary
material, Fig. S6C). When U87 cells expressing the mutated p21
luciferase reporter were additionally treated with shNFIA, p21 pro-
moter activity was further increased, likely due to increase in
endogenous p53 brought on by the decreased endogenous NFIA.
This interpretation is consistent with the maximal increase of the
p21 promoter mutated at the NFIA binding site in the p53-
mutated line, LN18 (Fig. 4F bottom; schema in S6C), which
showed no further increase by NFIA knockdown. Thus, our report
indicatesthat NFIA is acritical regulatorof p21 and cell proliferation
in GBMs.

The invasive nature of GBM is a major clinical challenge. PAI1 is a
critical regulator of invasion, angiogenesis, and metastasis in
cancer.50 While PAI1 impairs migration/invasion of many cell
types, including glioma cells (D54MG),38,51 its expression is asso-
ciated with poor survival in gliomas.52 – 54These seemingly conflict-
ing results could be partly explained by dose-dependent effects of
the uPA/PAI1 system55 or non-cell autonomous effect on other
cells such as endothelial cells.56 However, the mechanism by

which PAI1 contributes to the malignant phenotype of glioma is
still largely unknown. We demonstrate here that NFIA promotes
migration of glioma cells by inhibiting PAI1 expression and
thereby activating MMP2, whichb indicates a novel NFIA effect on
a protease-dependent pathway mediated by PAI1 (Fig. 5). The spe-
cific repression of PAI1 by NFIA in GBM and the role of NFIA in GBM
migration were previously unrecognized, and thus our results also
contribute to the understanding of GBM invasiveness. A
TGFb-responsive CTF/NFI binding site in the PAI1 promoter has
been described in Hep3B and NIH3T3 cells.40 Under those condi-
tions, however, the binding site mediated TGFb-induced increase
in PAI1 transcription rather than repression, as we found here.
During development, NFI family members have also been impli-
cated in migration of cortical granular neurons and astrocyte pre-
cursor cells in mouse brains through regulation of cell adhesion
molecules (ephrin B1 and N-cadherin) and Apcdd1 (adenomatosis
polyposis coli downregulated 1), respectively.14,57 It is currently
unknown if these targets are also involved in NFIA-induced migra-
tion in GBM or if there is a functional relationship between PAI1 and
these targets in NFIA-induced migration.

In summary, this is the first report demonstrating that NFIA pro-
motes the malignant behavior of GBM, namely inhibition of cell
death and promotion of proliferation and migration, and that
these NFIA effects are mediated through specific transcriptional
regulation of p53, p21, and PAI1. Our report provides new insights
into the role of NFIA in glioma growth and may prove important in
development of novel therapeutic approaches for glioblastomas.
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Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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