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Malignant astrocytomas, the most common primary
brain tumors, are predominantly fatal. Improved
treatments will require a better understanding of the
biological features of high-grade astrocytomas. To
better understand the role of neuronal PAS 3 (NPAS3)
in diseases in human beings, it was investigated as a
candidate for astrocytomagenesis based on the pres-
ence of aberrant protein expression in greater than
70% of a human astrocytoma panel (n � 433) and
most notably in surgically resected malignant lesions.
In subsequent functional studies, it was concluded
that NPAS3 exhibits features of a tumor-suppressor,
which drives the progression of astrocytomas by
modulating the cell cycle, proliferation, apoptosis,
and cell migration/invasion and has a further influ-
ence on the viability of endothelial cells. Of clinical
importance, absence of NPAS3 expression in glioblas-
tomas was a significantly negative prognostic marker
of survival. In addition, malignant astrocytomas lack-
ing NPAS3 expression demonstrated loss of function
mutations, which were associated with loss of
heterozygosity. While overexpressed NPAS3 in malig-
nant glioma cell lines significantly suppressed transfor-
mation, the converse decreased expression consider-

ably induced more aggressive growth. In addition,
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knockdown NPAS3 expression in a human astrocyte
cell line in concert with the human papillomavirus E6
and E7 oncogenes induced growth of malignant astrocy-
tomas. In conclusion, NPAS3 drives the progression
of human malignant astrocytomas as a tumor sup-
pressor and is a negative prognostication marker
for survival. (Am J Pathol 2011, 179:462–476; DOI:

10.1016/j.ajpath.2011.03.044)

Primary brain tumors are among the top five causes of
cancer-related death, with a predominance of malignant
gliomas in adults (�60%) and children (�30%).1 The
World Health Organization classifies astrocytomas, the
most common glial tumor, into four grades, with glioblas-
toma, World Health Organization grade IV, the most prev-
alent (�50%) and of highest histologic grade.1 Although
pathologically indistinguishable, there are two clinically
distinct subtypes of glioblastomas, namely, primary and
secondary, both of which correspond to at least two
distinct pathways of genetic progression.1 Moreover, re-
cent molecular classification studies using genomics-
based approaches have further established glioblasto-
mas as among the neural, proneural, mesenchymal, and
classic subtypes.2 The ongoing Cancer Genome Proj-
ect2–9 has identified more than 220 minimally critical re-
gions in the human genome including a deletion of the
locus containing the NPAS3 gene, which may be involved
in the pathogenesis of high-grade astrocytomas.

NPAS3 is a member of the neuronal PAS transcription
factor gene family, basic helix-loop-helix Period–aryl hy-
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drocarbon receptor–single minded genes that have di-
verse roles including cancer development and neurobe-
havior.10–17 NPAS3 maps to human chromosome 14,
spanning across approximately 884 kb of genomic se-
quence over 11 exons. There are currently six predicted
but not yet fully validated transcript isoforms. Although
NPAS3 is expressed in nontransformed human astro-
cytes,14 only one transcript isoform, NM_022123, was
expressed in astrocytes after sequencing of the tran-
script. This transcript isoform encodes a 901–amino acid
protein with a basic helix-loop-helix DNA binding domain,
C-terminus nuclear localization signal, and protein-pro-
tein dimerization domains (PAS and PAC domains), re-
gions reminiscent of and validated as transcription fac-
tors.12,15 NPAS3 is expressed as early as gastrulation
with roles that include neurogenesis and lung forma-
tion.15–17 In addition to expression in astrocytes, NPAS3
expression has been identified in progenitor cells of the
subventricular zone and dentate gyrus of the human hip-
pocampus,14 anatomical regions that have profound
roles in neurogenesis.18 Further detailed IHC analysis of
NPAS3 expression during human fetal brain development
revealed largely confined expression in the nucleus of cells
in the ventricular zone and hippocampus in the first trimes-
ter, with more widespread progressive increases becoming
more apparent in the molecular layer and layer III of the
maturing neocortex during the second and third trimes-
ters.14 In a spatiotemporally controlled manner in the cere-
bellum, nuclear expression has also been identified in bas-
ket cells and in Bergmann’s glia, with some cytoplasmic
staining evident in the internal granule layer of neurons.14

After initial cloning of the NPAS3 gene,13 the objective
of the present study was to investigate the role of this
gene in diseases in human beings. Previous studies have
suggested a potential role of NPAS3 in congenital neu-
robehavioral and neurodevelopmental anomalies.12,13,19

However, no nonpolymorphic mutations have yet been
identified in human subjects with isolated neurobehav-
ioral deficits,20 leading to the postulation that the neu-
robehavioral deficit documented in the original family13

was not an isolated clinical phenomenon but perhaps a
consequence of midline structural anatomical defects of
the nervous system.16 Furthermore, deletion of chromo-
some 14 with NPAS3 has been reported in numerous
tumors including oligodendrogliomas, melanomas, and
carcinomas of the breast, prostate gland, and urogenital
tract, as compared with normal nonneoplastic tis-
sues,5,21–23 but with yet to be characterized functional
roles in these cancers. The incentive to investigate
NPAS3 as a candidate gene for astrocytoma (an ac-
quired disease) originated after discovering genome
findings archived by the Cancer Genome Project,2–9 with
as many as 80% of astrocytomas exhibiting deletion of
chromosome 14 (including NPAS3 cytogenetic region)
and from prescreening of 433 surgically resected astro-
cytoma specimens using IHC for astrocytoma candidate
genes that identify greater than 70% with aberrant NPAS3
protein expression. From these preliminary findings, the
hypothesis of the role of NPAS3 in astrocytomas was
tested. After undertaking extensive functional analysis of

NPAS3, including expression and mutation studies, and
functional assays using human glioma cell lines and non-
transformed astrocyte cell lines, the present study collec-
tively demonstrated evidence that NPAS3 has features
of a tumor suppressor that determines the progression of
malignant astrocytomas in humans. A wide spectrum of
mutations involving NPAS3 was identified in glioblastoma
surgical specimens, some of which were characterized
as having loss of function and associated loss of
heterozygosity. Absence of NPAS3 expression has also
been correlated with highly proliferative glioblastomas
and with decreased overall patient survival. While loss of
NPAS3 expression accelerates transformation of human
glioma cell lines, the converse increased expression re-
verses transformation. Loss of NPAS3 expression also
acts in concert with other progression signaling pathways
such as pRB and p53 to induce the aggressive transfor-
mation of a well-characterized human astrocyte cell line.
NPAS3 determines the progression of astrocytomagen-
esis by controlling the cell cycle, proliferation, apoptosis,
and cell migration and invasion of human glioma cell lines
and astrocytes and by influencing the viability of human
umbilical vein endothelial cells.

Materials and Methods

Western Blot Analysis

Protein lysates were obtained from all parental and engi-
neered cell lines using the Mammalian Cell Lysate Kit
(Sigma-Aldrich Corp., St Louis, MO). Approximately 20
�g protein was electrophoresed on 10% acrylamide gel
and transferred to polyvinylidene difluoride membranes.
The Western blots were incubated with a rabbit polyclonal
antibody to NPAS3 (Sigma-Aldrich Corp.) at room temper-
ature for 4 hours. The blots were stripped with Western blot
stripping buffer (Pierce Chemical Co., Rockford, IL) and
re-probed using �-actin monoclonal clone AC-15 (Sigma-
Aldrich Corp.) to detect loading differences. All primary
antibodies were detected using Protein G-HRP (Zymed
Laboratories, Inc., South San Francisco, CA).

IHC Analysis

FFPE sections were deparaffinized, followed by antigen
heat retrieval in Tris-EDTA, pH 9.0, using a digital de-
cloaking chamber (Biocare Medical Inc., Concord, CA) at
120°C for 2 minutes, then allowed to cool to room tem-
perature for 20 minutes. Endogenous peroxidase and
biotin activities were blocked using, respectively, 3% hy-
drogen peroxide and an avidin/biotin blocking kit (Lab
Vision Corp., Fremont, CA). After further blocking for 15
minutes with 10% normal goat serum, sections were in-
cubated at room temperature in a moist chamber with
rabbit polyclonal NPAS3 antibody (Sigma-Aldrich Corp.;
1:300), rabbit polyclonal glial fibrillary acidic protein
(GFAP) antibody (Dako Corp., Carpenteria, CA; 1:600),
or rabbit polyclonal Ki-67 (clone MIB1) antibody (Abcam
Inc., Cambridge, MA; 1:100) for 1 hour. This was followed
by incubation for another 30 minutes using biotinylated
goat anti-rabbit IgG linking antibody (Vector Laborato-

ries, Inc., Burlingame, CA), then with treatment for 30
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minutes using horseradish peroxidase–conjugated ultra-
streptavidin labeling reagent (ID Labs Inc., London, ON,
Canada). After washing well in Tris-buffered saline solu-
tion, color development was performed in freshly pre-
pared NovaRed solution (Vector Laboratories, Inc.), and
sections were counterstained lightly using Mayer’s hema-
toxylin, dehydrated in alcohols, cleared in xylene, and
mounted in Permount (Fisher Scientific Co., Ottawa, ON,
Canada). IHC staining for NPAS3 expression was manu-
ally reviewed and graded for both strength (0, none; 1,
weak; and 2, strong) and distribution (�25%, 25% to
50%, and �50% of tumor cells) based on the staining
properties of the tumor tissues versus control and healthy
brain tissues. Elevated expression was noted in speci-
mens that had strongly stained cells (score of 2) with
distribution greater than 50%. Normal expression was
noted in specimens that had strongly stained cells (score
of 2) with distribution of 25% to 50%. Reduced expres-
sion was noted in specimens that had weakly stained
cells (score of 1) with distribution less than 25%. Absent
expression was noted in specimens that had no staining
(score of 0) with distribution greater than 50%.

Double IHC

Paraffin sections were dewaxed using standard methods.
Antibody heat retrieval was in Tris-EDTA buffer, pH 9, in
a digital decloaking chamber (Biocare Medical Inc., Con-
cord, CA) at 120°C for 2 minutes. Endogenous peroxi-
dase and biotin activities, respectively, were blocked us-
ing 3% aqueous hydrogen peroxide and an avidin/biotin
blocking kit (Lab Vision Corp., Fremont, CA). Sections
were also blocked with 10% normal goat serum for 15
minutes before staining with rabbit polyclonal antibody to
NPAS3 (Sigma-Aldrich Corp.) at 1:300 dilution for 1 hour
at room temperature in a moist chamber. This was fol-
lowed by color development for 30 minutes via treatment
with biotinylated goat anti-rabbit IgG and freshly pre-
pared 3,3= diaminobenzidine solution (Dako Corp.). After
washing well in running tap water, avidin/biotin blocking
was performed again before sections were treated with
10% normal goat serum for 15 minutes. Rabbit polyclonal
antibody to GFAP was applied for 1 hour at 1:2000 dilu-
tion at room temperature. This was followed by color
development for 30 minutes via treatment with biotinyl-
ated goat anti-rabbit IgG linking antibody (Vector Labo-
ratories, Inc.) and horseradish peroxidase–conjugated
streptavidin labeling reagent (ID Labs Inc.). Sections
were washed well in Tris-buffered saline solution and
developed with freshly prepared Bajoran Purple solution
(Biocare Medical Inc.). After washing well in tap water,
sections were lightly counterstained with Mayer’s hema-
toxylin, dehydrated in graded alcohols, cleared in xylene,
and mounted (Permount).

Double Immunofluorescence Cytochemistry

NHA-TERT cells were grown as adherent cells for 48
hours on four-well chamber slides (BD Biosciences,
Franklin Lakes, NJ) in DMEM (Dulbecco’s modified Ea-

gle’s medium) with 10% fetal calf serum (FCS) (both from
Wisent, Inc., St-Bruno, QC, Canada). After removal of
growth media, cells were fixed in ice-cold acetone for 5
minutes, then treated using ice-cold methanol for another
5 minutes. Cells were washed with PBS before incubation
with 0.5% blocking buffer (Hoffman-La Roche Inc., Nut-
ley, NJ) in PBS for 2 hours at room temperature and with
rabbit polyclonal antibodies to GFAP and NPAS3. These
polyclonal antibodies were, however, first labeled with
monoreactive Cy3 and Cy5 (CyDye; GE Healthcare, Pis-
cataway, NJ), with Cy3 conjugated to the GFAP antibody
and Cy5 conjugated to the NPAS3 antibody. After co-
incubation with the antibodies, the cells were washed
four times for 20 minutes each at room temperature and
counterstained with DAPI (Dako Corp.). Images were
captured using an Eclipse 80i microscopy system with
bright field and fluorescence features, a Digital Sight
DS-Ri1 high-resolution camera, and NIS-Elements BR
software (all from Nikon Instruments Inc., Melville, NY).

FISH with Bacterial Artificial Chromosome Probe

For fluorescence in situ hybridization (FISH) paraffin
slides were dewaxed using standard methods, incubated
in 1 mol/L sodium thiocyanate at 80°C for 45 minutes, and
washed with water four times before treatment with pro-
tease (Abbott Molecular, Abbott Laboratories, Abbott
Park, IL) for 10 minutes at 37°C. The slides were again
washed several times in distilled water and aged in 70%
ethanol. RPMI-66M11 bacterial artificial chromosome
(BAC) clone DNA was prepared using the Qiagen Large-
Construct Kit (Qiagen GmbH, Hilden, Germany). Two
micrograms of BAC DNA was labeled with digoxigenin-
11-dUTP by nick translation for 150 minutes at 15°C using
standard methods. The probe was checked using stan-
dard gel electrophoresis to ensure that approximately
200 to 400 bp was optimally labeled, and purified using
the PCR purification kit (Qiagen GmbH), which enabled
equilibration in 50 mmol/L Tris, pH 7.5, 1 mmol/L EDTA,
and 0.1% SDS. The probe was mixed with human Cot-1
DNA (Invitrogen Corp., Carlsbad, CA), denatured at 75°C
for 5 minutes, and directly transferred to ice. The dew-
axed slides stored in 70% ethanol were washed six times
with tap water at room temperature, denatured in 70%
highly deionized formamide (American Bioanalytical,
Inc., Natick, MA) and 2� standard saline citrate (SSC),
pH 5, for 10 minutes. These slides were transferred to
70% ethanol and subjected to gradual washes with 100%
ethanol. Slides were dried at 37°C before applying the
probe to the center of the slide, which was then sealed
with a coverslip and rubber cement, followed by over-
night incubation at 37°C in a humid chamber. The next
day, the slides were washed three times with 50% form-
amide in 2� SSC, pH 7.0, at 45°C for 5 minutes each,
then in 0.1� SSC at 60°C three times each for 5 minutes.
Slides were rinsed in 2� SSC, blocked in 4� SSC/5%
bovine serum albumin for 30 minutes at 37°C, and incu-
bated with the primary antibody (sheep anti-digoxin; Ab-
cam Inc.) for 2 hours at room temperature. Slides were
washed three times with 4� SSC/0.1% Tween-20 at 37°C.
The slides were blocked again in 4� SSC/5% bovine

serum albumin for 30 minutes at 37°C, incubated with a
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secondary antibody [TRITC (tetramethyl rhodamine iso-
thiocyanate)–rabbit anti-sheep; Jackson ImmunoRe-
search Laboratories, Inc., Bar Harbor, ME]. Washes and
blockings were repeated, followed by a final signal am-
plification step by hybridizing with a tertiary antibody
(TRITC–goat anti-sheep). Slides were finally washed
three times with 4� SSC/0.1% Tween-20, air dried in the
dark, and gently counterstained with DAPI (Dako Corp.).
Images were captured using an Eclipse 80i microscopy
system with bright field and fluorescence features, a Dig-
ital Sight DS-Ri1 high-resolution camera, and NIS-Ele-
ments BR software (all from Nikon Instruments Inc.).

DNA Sequence Mutation and Polymorphism
Analysis

Fifty nanograms of genomic DNA was used in amplifying
the coding regions in each of the 11 exons encompass-
ing the NPAS3 gene in human glioma cell lines and
human operative glioblastoma specimens, and the re-
spective patient’s blood DNA, using Platinum HiFi Taq
polymerase (Invitrogen Corp.). Only exons identified as
having a glioblastoma point mutation were further se-
lected for polymorphic mutation studies using 50 ng
blood genomic DNA from 50 healthy individuals, which
was commercially obtained from the Human Random
Control DNA panel (Sigma-Aldrich Corp.). The PCR prim-
ers and cycle conditions are given in Table 1. In brief, the
PCR cycle was denaturation at 94°C for 5 minutes, fol-
lowed by 35 cycles at 94°C for 30 seconds, annealing for
30 seconds at a temperature given in Table 1, and an
extension at 68°C for a duration given in Table 1. A final
extension of 5 minutes at 68°C was performed for each
PCR reaction. PCR products were electrophoresed on
1% agarose gels, gel purified (Gel Extraction Kit; Qiagen
GmbH), and sequenced using the forward and reverse
primers that were used to produce each PCR product
(Table 1). Chromatograms were analyzed using commer-
cially available software (FinchTV, version1.4; Geospiza,
Inc., Seattle, WA), and the sequences were subjected to
alignment with wild-type sequence using FASTA (http://

Table 1. Primers Used in Mutation Analyses of the Human NPAS

Primer Forward primer

Ex1 5=-GGGGAGAGAGGCAAAAAGTA-3= 5=-GGTTCA
Ex2 5=-CACATTCTCACTCCTTTGATT-3= 5=-CCTTTT
Ex3 5=-TTTTAAGTTATAGGTGCACAGC-3= 5=-AAGCTT
Ex4 5=-TATTCTTTTTCCTGCAGTCC-3= 5=-AGAATC
Ex5 5=-CCTTTCTCTCGCCCTCTA-3= 5=-GGTTTG
Ex6 5=-TGTCTGTATTTTTGTATTCCTCA-3= 5=-AACCGG
Ex7 5=-CTGTACTTAATGTTGTTTTACAGG-3= 5=-GCAAAT
Ex8 5=-AGCCTGTGTTCTTCTCTTTG-3= 5=-CCACAC
Ex9 5=-TTTCGCCAGTGCTGAATA-3= 5=-AATAGA
Ex10 5=-AGTGCCTCCCTTCCACAG-3= 5=-GAACAT
Ex11-a 5=-CCCCACACAGAGGACAAC-3= 5=-GTTTCC
Ex11-b 5=-ACCAGAAGCGCAAGAAAA-3= 5=-GCGCCG
Ex11-c 5=-GCCCGCAAGACTCAGTTC-3= 5=-AACGGT
Ex11-d 5=-ACATGTCAGGACCGTTCG-3= 5=-ACCTTA

Tm, melting temperature.
www.ebi.ac.uk/Tools/fasta33/index.html) to identify muta-
tions. Specimens with an identified mutation were con-
firmed using re-sequencings.

Methylation Assays

Approximately 250 ng genomic DNA isolated from ran-
domly selected glioblastoma specimens in conjunction with
three normal brain specimens were subjected to quantita-
tive methylation analyses of the CpG island mapping on
human chromosome 14 at nucleotides 32471845 to
32473830 using instructions specified with the Methyl-Pro-
filer qPCR Primer Assay Kit for Human NPAS3 (SABiosci-
ences Corp., Frederick, MD). The methylation status of this
CpG island in specimens tested was assessed on undi-
gested genomic DNA, genomic DNA digested with a meth-
ylation-sensitive restriction enzyme that digested unmethy-
lated and partially methylated DNA, genomic DNA digested
with a methylation-dependent enzyme that digested highly
methylated DNA, and genomic DNA digested with both
methylation-sensitive and methylation-dependent enzymes.
The relative amounts of genomic DNA in the hypermethy-
lated, hypomethylated, and unmethylated groups were
quantified using real-time PCR as specified in the kit. All
assays were performed in triplicate.

Loss of Heterozygosity Analysis

Fifty nanograms of genomic DNA isolated from glioblas-
toma specimens and patient blood were used to amplify
single nucleotide polymorphism (SNP) genetic markers
mapping within and flanking the NPAS3 gene. SNP mark-
ers were selected from the Ensembl database (http://
www.ensembl.org) and the dbSNP database (http://
www.ncbi.nlm.nih.gov/projects/SNP). The PCR primers
are listed in Table 2. The PCR cycle used was 94°C for 5
minutes, 35 cycles of 94°C for 30 seconds, 58°C for 30
seconds, and 68°C for 30 seconds, followed by 68°C for
5 minutes. PCR products were electrophoresed on 1%
agarose gels, gel purified (Qiagen Gel Extraction Kit),
and sequenced using the forward and reverse primers
that were used to produce each PCR product. Chromato-

e

rse primer Tm
PCR Product

size (bp)
Extension time

(seconds)

CAGAAAAGTGTT-3= 58 120 5
TGTGTTAGGTG-3= 55 271 5
TGTTTTAAAGG-3= 55 115 5
TTGTTTTACTTACTTG-3= 55 131 5
CCCACCT-3= 55 210 5
CTTATATCC-3= 55 154 5
CAAAAAC-3= 55 242 5
GTACTTACA-3= 55 149 5
AGTAGAAAATATACCT-3= 55 182 5
AGAAGGAAT-3= 55 168 5
TTCTTGC-3= 55 400 25
AGTCTTG-3= 55 409 25
CATGTTG-3= 55 479 25
AGACAAAACG-3= 55 407 25
3 Gen

Reve

ATAAA
ACTGA
CTTTT
TAAAA
CAATT
CTTAC
GAAAA
AGGAG
AAAGA
GGAAA
GCCTT
AACTG
CCTGA
GAAGA
grams were analyzed using FinchTV software (version

http://www.ebi.ac.uk/Tools/fasta33/index.html
http://www.ebi.ac.uk/Tools/fasta33/index.html
http://www.ensembl.org
http://www.ensembl.org
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.ncbi.nlm.nih.gov/projects/SNP


466 Moreira et al
AJP July 2011, Vol. 179, No. 1
1.4; Geospiza, Inc.). All findings of loss of heterozygosity
were confirmed by re-sequencings.

Engineering NPAS3 Knockdown,
Re-Expression, or Overexpression in
Astrocyte and Glioma Cell Lines

A NPAS3 cDNA plasmid from the Dana Farber/Harvard
Cancer Center DNA Resource Core (Harvard Medical
School, Cambridge, MA) was subcloned into pcDNA3.1
(�) using standard methods. This plasmid was subse-
quently mutated with respective glioblastoma patient mu-
tations using the Quick Change II Site-Directed Mutagen-
esis Kit (Agilent Technologies, Inc., Santa Clara, CA) and
with oligomers given in Table 3. The PCR cycle used was
95°C for 1 minute, 18 cycles at 95°C for 50 seconds,
60°C for 50 seconds, and 68°C for 5 minutes, followed by
68°C for 7 minutes. NPAS3 short hairpin RNA (shRNA)
plasmids cloned into the psiLV-U6 vector were obtained
from GeneCopoeia, Inc. (Rockville, MD). The NPAS3
shRNA 1 plasmid targeted 5=-CCACTGACAACACTCT-
TGA-3= of exon 5, and the NPAS3 shRNA 2 plasmid
targeted 5=-CGGTGTGCACATCAAATCA-3= of exon 6.
Control plasmids used in this study included a scrambled
shRNA plasmid (Addgene Inc., Cambridge, MA) and the
pcDNA3.1 (�) vector. Astrocyte and glioma cell lines
were transfected using lipofectamine 2000 (Invitrogen
Corp.) and with the various plasmids used in the study.
Stable clones that expressed scrambled shRNAs or

Table 2. PCR Primers Used for Loss-of-Heterozygosity Analysis i
Gene

Primer dbSNP ID Forward primer

SNP1 rs36059107 5=-GGCATCATTGCCTGATTCTT-3=
SNP2 rs61980341 5=-CCCACCCAAATCTCATCTTG-3=
SNP3 rs61974912 5=-GGGCCATAGATACCTCACGA-3=
SNP4 rs8005131 5=-GGTATGAAAAACAAAGTGCCTGA-
SNP5 rs56790127 5=-CCTTCTTTAGCCACGCTCAC-3=
SNP6 rs12433161 5=-AAGACCCTCCTCACCGAAAT-3=
SNP7 rs10483431 5=-AGACATACAACCACAATACTTTCG
SNP8 rs12432716 5=-CATAGTGACTCCCTACTGTCTACC
SNP9 rs35370449 5=-TTGGTCCTCAAACACAATCCT-3=
SNP10 rs10141860 5=-TTGGCATATGGGATGGAAAT-3=
SNP11 rs61974973 5=-GCCAGAAACCAACCTGAGTG-3=
SNP12 rs61974988 5=-CTGTCCCCCACCCATAAAAG-3=
SNP13 rs60324856 5=-ATTCATCGATTCCCAACAGC-3=
SNP14 rs1958055 5=-AAGTCCTTGGCACTTGATGG-3=
SNP15 rs2297118 5=-GTCTCCAGTGGTTTGCTTCC-3=
SNP16 rs28658465 5=-TGGGTTGTTTTGCTTTCCTT-3=
SNP17 rs8019077 5=-TGCAGCTCAGTGCTCAACTT-3=
SNP18 rs1055762 5=-TCTAACTGAGGCTAATTTTGCAAC
SNP19 rs60260386 5=-CCTGTGAAGACTGTGTCTGTGTT-
SNP20 rs61973028 5=-CGCAGGTGCCATTTTCATA-3=

Table 3. Oligomers Used for Site-Directed Mutagenesis on the H

Primer Sense

GBM1 5=-GGGAAAAGAAAACTATGAGTTCTATGAATTGG-3=’
GBM2 5=-GGGGGACCCTCCGGGGAACTTGCGAATGGAAGG-3=

GBM3 5=-GACAGGCAGCAGTGTCTTTTGACTATGTCCACCCCGGAG-3=
NPAS3 shRNAs were selected with 2 �g/mL puromycin,
and the other plasmids were selected for stable clones
using 450 �g/mL G418 (both from Invitrogen Corp.).

Standard and Quantitative RT-PCR Analysis

Total RNA was extracted from normal brain, glioma spec-
imens, and the cell lines NHA-TERT and knocked down
for expression of NPAS3 using the RNeasy Mini Kit (Qia-
gen Corp.). Two micrograms of total RNA was subjected
to cDNA synthesis using the One-Step RT-PCR Kit (Invit-
rogen Corp.) in 20-�L reactions. The final reaction prod-
uct was increased in volume to 200 �L using double-
distilled water. Two microliters was used for subsequent
standard or real-time PCR. For standard RT-PCR, the
�-actin gene was used as a control with the following
primers: forward, 5=-AGGTGACAGCATTGCTTCTG-3=;
and reverse, 5=-CCTGGGCCATTCAGAAATTA-3=. Real-
time RT-PCR analyses in search of genes regulated by
NPAS3 in NHA-TERT were accomplished using the Path-
way Finder PCR Arrays (SABiosciences Corp.). Each re-
action was set up in triplicate with 96-well microtiter
plates using the SsoFast Evagreen PCR SYBR Green Kit
(Applied Biosystems, Inc., Foster City, CA). The PCR
cycle was 94°C for 4 minutes, 94°C for 20 seconds, and
55°C for 20 seconds, followed by 72°C for 5 seconds for
40 cycles and was performed using a CFX-96 Real-Time
PCR Machine (BioRad Laboratories, Inc., Hercules, CA).
Relative changes in expression were determined by dif-

el of SNP Genetic Markers Mapping in and Flanking the NPAS3

Reverse primer
PCR product

size (bp)

5=-CCCTTTTTCTCCATCCACAA-3= 369
5=-CTTTTCAGCAACACCCCACT-3= 369
5=-ATTTCCCAGTGCAAGAAAGC-3= 369
5=-AGTGAACATCTACACCAACAGAAAA-3= 400
5=-GGATGAGGCACCATCTGAGT-3= 382
5=-TTTGGACCATGATGACAAGG-3= 406
5=-CACACATGGTGTCCCCCTAT-3= 403
5=-AAAATGTTGCCACCACAATG-3= 406
5=-TGAAATAAACATGCATACACAAAA-3= 380
5=-TGGGTTACTGGGTGTTCCTC-3= 400
5=-CCACTCTCCCACAATGGTCT-3= 400
5=-GGCAATTACTTTTGGTTTTTGC-3= 375
5=-GCTCGCTGCTAGAACATGC-3= 387
5=-TGGGGATTATGGGAGCTACA-3= 442
5=-TTTCCATTTTGCTGGCCTTA-3= 402
5=-CATTCTAGTCACAGGCCAGAAA-3= 372
5=-ACAACCACGAGACCCATGAT-3= 404
5=-TGGTTTCAACCCAGAAATAAGAA-3= 181
5=-TGTGACATGTATGAGAATCTACAAAA-3= 359
5=-GCCCATTGTTCAGCTTTGAT-3= 350

NPAS3 Gene

Antisense

5=-CCAATTCATAGAACTCATAGTTTTCTTTTCCC-3=
5=-CCTTCCATTCGCAAGTTCCCCGGAGGGTCCCCC-3=
n a Pan

3=

-3=
C-3=

T-3=
3=
uman
5=-CTCCGGGGTGGACATAGTCAAAAGACACTGCTGCCTGTC-3=
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ferences in the CT values of the test gene verses control
genes (HPRT and �-actin).

Cell Cycle Assay

Cells were harvested and resuspended in 50 �L PBS or
HBSS plus 2% FCS, followed by fixing in 1 mL 80%
ice-cold ethanol for 30 minutes. Subsequently, the cells
were treated in 50 �g propidium iodide in 0.6% NP-40
plus 100 mg RNase A for 30 minutes at room temperature
before filtering through 85-�m Nitex meshes. The cells
were subjected to flow cytometry using a FACScan ma-
chine, and the data were analyzed using Cell Quest Pro
software (both from BD Biosciences). G1 cell cycle as-
says were also undertaken using a normal human immor-
talized astrocyte culture transiently transfected within 48
hours with the pcDNA3.1 vector plasmid, wild-type
NPAS3:pcDNA3.1 plasmid, or NPAS3 mutant variants. In
general, all cell cycle assays were performed in triplicate,
and the data are given as mean � SEM. Statistical anal-
ysis was performed using the unpaired two-tailed Stu-
dent’s t-test. P � 0.05 was considered statistically signif-
icant.

MTS Assay

About 5000 cells in 100 �L DMEM with 10% FCS were
plated in 96-well plates and grown over 6 days at 37°C in
5% CO2. Cell viability or proliferation was evaluated at
days 0, 2, 4, and 6 using the MTS [3-(4,5-dimethylthiazol-
2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay (Promega Corp., Madison, WI) in ac-
cordance with the manufacturer’s instructions. Assays
were performed in triplicate. Statistical analysis was per-
formed using the unpaired two-tailed Student’s t-test. P �
0.05 was considered significant.

Caspase 3/7 Assay

Approximately 5000 cells in 100 �L DMEM with 10% FCS
were plated in 96-well plates and subjected to Caspase
3/7 assays (Promega Corp.) in accordance with the man-
ufacturer’s instructions. In parallel experiments, cells
were also treated with 10 �mol/L camptothecin (Sigma-
Aldrich Corp.) for 1 hour before Caspase 3/7 assays.
Assays were performed in triplicate. Statistical analysis
was performed using the unpaired two-tailed Student’s
t-test. P � 0.05 was considered significant.

Endothelial Cell Viability or Proliferation Assay

Conditioned DMEM with 10% FCS (ATCC) was harvested
from the supernatants of the panel of engineered and
parental glioma and astrocyte cell lines after growing
cells for 3 days at 37°C in 5% CO2. The conditioned
media supplemented with additional 10% FCS (Invitro-
gen Corp.) were used to grow a human umbilical vascu-
lar endothelial cell line (HUVEC) (ATCC). The viability or
proliferation of HUVEC cells was evaluated over 6 days

using the MTS assay, as described above. All assays
were performed in triplicate. Data are given as mean �
SEM. Statistical analysis was performed using unpaired
two-tailed Student’s t-test.

Invasion Assays

Approximately 0.6 � 106 cells were grown for 48 hours in
migration and invasion chambers as specified by the
CytoSelect Cell Invasion assay fluorometric kit (Cell Bio-
labs Inc, San Diego, CA). The invasion index of all data-
sets from engineered cell lines was normalized to the
respective relative fluorescence unit values of the paren-
tal cell lines. The normalized invasion index of each pa-
rental cell line was set at a value of 1. All assays were
performed in triplicate. Data are given as mean � SEM.
Statistical analysis was performed using unpaired two-
tailed Student’s t-test.

Soft Agarose Assays

Standard soft agarose assays were performed on 7000
cells grown in 12-well plates, with the bottom layer having
0.5% agarose and the top layer of cells suspended in a
final concentration of 0.35% low-melting-point agarose
(Invitrogen Corp.). Anchorage-independent growth as-
says were performed over 21 days by incubating the
cells at 37°C in 5% CO2. Colonies were stained with
0.005% crystal violet (Sigma-Aldrich Corp.) and scored
using an inverted microscope. All assays were performed
in triplicate. Data are given as mean � SEM. Statistical
analysis was performed using the unpaired two-tailed
Student’s t-test. P � 0.05 was considered significant.

In Vivo Tumor Growth Assays

Approximately 1 � 106 cells were stereotactically deliv-
ered into the frontal lobe of NOD-SCID mice. All mice
were sacrificed at 3 months after injection (study end
point) or earlier depending on the presence of neurologic
symptoms. Ten NOD-SCID mice were studied per engi-
neered glioma cell line examined, and 20 NOD-SCID
mice were studied per engineered human astrocyte cell
line examined. Mouse brains were harvested, fixed in 10%
buffered formalin, and embedded in paraffin. Standard IHC
and neuropathologic analyses were performed using 10-
�mol/L sections. Comparative size estimates of tumors in-
duced from the different groups of engineered glioma cell
lines were determined using NIS Elements BR 3.10 software
(Nikon Instruments Inc.). For a given tumor mass, the
summed areas were multiplied by the sum of section thick-
ness and intersection gap (4 mm) to obtain an estimate of
the total tumor volume (in millimeters cubed).

Overall Survival Analyses

Overall survival curves were constructed using the Kaplan-
Meier method, and the log-rank test was subsequently used
to assess differences between curves, followed by pairwise
multiple comparison using the Bonferroni multiple-compar-

ison method when appropriate.24,25 The 95% confidence
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interval for survival probability was estimated using the
complementary log-log transform method.26 Univariate Cox
regression analysis was used to assess the association
between individual patient characteristics (gene expres-
sion, age, and sex) and the survival end point. The mul-
tivariable Cox proportional hazards regression model
was used to assess the association between gene ex-
pression and overall survival time, controlling for potential
confounding variables such as age and sex. Unadjusted
and adjusted hazard ratios and their 95% confidence
intervals were reported. Proportional hazard assumption
was checked using the Kolmogorov-type supremum test
based on 1000 simulated replications.27 For compari-
sons of glioma cell line genotypes, because of the rela-
tively small sample size (n � 10 per genotype), exact
permutation-based P values of the log-rank test were
calculated to validate the conventional asymptotic log-
rank test.25,26 All statistical analyses were performed us-
ing commercially available software (SAS version 9.2;
SAS Institute Inc., Cary, NC).26 All P values were two-
sided. P � 0.05 was considered statistically significant.

Results

Loss of NPAS3 Expression Is Associated with
Highly Proliferative Malignant Astrocytomas in
Humans

During the initial cloning and characterization of NPAS3,
it was determined that NPAS3 is ubiquitously expressed
in both fetal and adult human brains.14 Using IHC and
immunofluorescent cytochemistry, NPAS3 expression
was demonstrated in several cell types of the human
nervous system including as a nuclear protein in non-
transformed astrocytes (see Supplemental Figures S1
and S2 at http://ajp.amjpathol.org). In keeping with
genomic data from the Cancer Genome Project that dem-
onstrated aneuploidies of human chromosome 14 with
NPAS3 in as many as 80% of astrocytomas,2–9 IHC pre-
screening for candidate genes for astrocytoma identified
greater than 70% of surgically resected astrocytoma
specimens (n � 433) with aberrant NPAS3 expression
(Figure 1A). It was discovered that while NPAS3 was
expressed as a nuclear protein in nontransformed human
astrocytes (see Supplemental Figures S1 and S2 at
http://ajp.amjpathol.org), absence or reduction in NPAS3
expression was evident in 52% to 54% of high-grade
(grades III and IV) astrocytomas, as compared with only
11% to 20% of low-grade (grades I and II) astrocytomas
(Figure 1A). Specimens with absent NPAS3 expression
were substantially more common than those with ap-
proximately 50% reduced expression (Figure 1A). Fur-
thermore, approximately 75% of tested secondary
glioblastomas (determined from the clinical history)
demonstrated absent NPAS3 expression (Figure 1A).
Overall, the tumor panel documented no cytoplasmic
patterns of NPAS3 expression; rather, 7% to 8% of
grades I and II astrocytomas and 28% to 30% of grades
III and IV astrocytomas with increased NPAS3 expression

were identified (Figure 1A). Most remarkable, absence of
NPAS3 expression in glioblastomas correlated with the
highest proliferative index, which was determined using
the percentage of nuclei positive for Ki-67 (MIB1) expres-
sion (Figure 1B). To further investigate the clinical signif-
icance of NPAS3 expression in glioblastomas, the overall
survival of 77 patients from the panel of 275 specimens
was examined (see Supplemental Figure S3 at http://
ajp.amjpathol.org). These 77 surgically resected glioblas-
tomas were selected in a nonbiased manner from pa-
tients in whom sufficient clinical history data were
available to perform overall survival studies. In addition,
overall survival studies were performed on three patterns
of NPAS3 expression (normal, absent, and elevated) in
glioblastomas because functional studies described

Figure 1. Expression and copy number mutation analyses of NPAS3. A:
Using IHC, four patterns of NPAS3 protein expression are identified in 433
surgically resected astrocytomas (grades 1 to 4), with predominant aberrant
expression (mostly absent expression) in high-grade astrocytomas (grades 3
and 4) and secondary glioblastomas. Examples of patterns of NPAS3 expres-
sion are shown in Supplemental Figure S3 (available at http://ajp.amjpathol.
org). B: Box-and-whisker plots demonstrate expression index of Ki-67
(MIB1) in four categories of NPAS3 expression noted in glioblastomas. C:
Standard FISH analysis of 275 glioblastomas with an RPMI-66M11 BAC FISH
probe that spans exons 2 and 3 of NPAS3 identified four patterns of FISH
signals, which correlated with aberrant NPAS3 protein expression in the
glioblastoma panel. Examples of FISH signals are shown in Supplemental
Figure S2 (available at http://ajp.amjpathol.org).
hereafter identified significant differences in the effects
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on the three patterns of NPAS3 expression and on the
progressive growth of gliomas. From this study, patients
with glioblastomas that exhibited absent NPAS3 expres-
sion were identified as having the poorest overall survival
in comparison with patients with glioblastomas that dem-
onstrated normal or increased NPAS3 expression (P �
0.001, log-rank test) (see Supplemental Figure S3 at
http://ajp.amjpathol.org). However, no significant difference
was noted in overall survival in patients with glioblastomas
that demonstrated either normal or increased NPAS3 ex-
pression (P � 0.05, long-rank test) (see Supplemental Fig-
ure S3 at http://ajp.amjpathol.org). Collectively, these findings
of aberrant and, in particular, absent NPAS3 expression in
high-grade astrocytomas (including secondary glioblasto-
mas) in comparison with low-grade astrocytomas are simi-
lar to the expression patterns of late-stage acting tumor
progression factors. Of clinical importance, absence of
NPAS3 expression in glioblastomas correlates well as a
negative prognostication marker for survival.

Glioblastomas Demonstrate Loss-of-Function
Mutations Associated with Loss of
Heterozygosity

Because aberrant NPAS3 protein expression is predom-
inant in high-grade astrocytomas (Figures 1A; see also
Supplemental Figure S2 at http://ajp.amjpathol.org), mo-
lecular genetic mutation studies were performed to dis-
cern potential causes for these expression patterns. Only
glioblastomas (n � 275) from the human tumor panel
were analyzed, with focus on the most clinically severe
tumor type compared with astrocytic tumors of lower
grades. The standard FISH method was used to first
screen this tumor panel with a BAC probe of approxi-
mately 120 kb (Figure 1C; see also Supplemental Figure
S4 at http://ajp.amjpathol.org). The BAC probe spanned
exons 2 and 3, which encode the basic helix-loop-helix
DNA binding domain and PAS dimerization domain, re-
gions critical to mediate the function of NPAS3 and are
recognized by the antibody used for IHC screening in the
present study. Deletion of this interval, such as exon 2, is
thought to be a loss-of-function mutation (Figure 2C).
While 21 of the glioblastomas with deletions of both cop-
ies of the BAC probe exhibited absent NPAS3 protein
expression (Figure 1C), specimens with one and two
copies, and even three copies, of this probe also dem-
onstrated absent NPAS3 expression (Figure 1C). Among
these latter specimens tested, a subset demonstrated
hypermethylation of the NPAS3 gene, which may poten-
tially explain the absent protein and RNA expression (see
Supplemental Table S1 at http://ajp.amjpathol.org). In ad-
dition, the possibility of a mutation that affects the binding
of the NPAS3 antibody is an alternative explanation for
such expression patterns of NPAS3. In 28 of 66 glioblas-
tomas with one copy of the BAC probe, NPAS3 expres-
sion was decreased by approximately 50% (Figure 1C),
whereas in 64 glioblastomas with two copies and 19
glioblastomas with three copies of the BAC probe,
NPAS3 expression was increased (Figure 1C). Overall,

glioblastomas with normal, reduced, or increased NPAS3
protein and RNA expression were not hypermethylated
within NPAS3 (see Supplemental Table S1 at http://ajp.
amjpathol.org).

In addition to analyzing the glioblastomas for large
DNA mutations (deletions or amplifications), NPAS3 also
was investigated to identify point mutations by sequenc-
ing all exons encompassing the protein-coding regions of
the gene. Three glioblastomas demonstrated point muta-
tions in exons 2 and 5 of NPAS3 (Figure 2, A and B; see
also Supplemental Figure S5 at http://ajp.amjpathol.org).
These mutations seemed to be nonpolymorphic based
on their absence in 100 chromosomes from the DNA of
50 healthy subjects (Figures 2A; see also Supplemental
Figure S5 at http://ajp.amjpathol.org). In addition, two pa-
tient glioblastoma mutations were identified with a loss of
heterozygosity of the NPAS3 locus, after genotyping the
glioblastoma DNA and patient blood DNA with a panel of
20 SNP markers mapping within and flanking the NPAS3
locus (see Supplemental Figure S6 at http://ajp.amjpathol.
org). Inasmuch as NPAS3 expression modulates the cell
cycle of a human astrocyte cell line (described hereafter),
functional assays were performed on the glioblastoma
NPAS3 mutations using G1 cell cycle assays (Figure 2C).
All three NPAS3 protein isoforms encoding patient glio-
blastoma mutations were identified as nonfunctional, ren-
dering human astrocytes unable to accumulate in the G1
phase, in comparison with the wild-type NPAS3 protein.
One of these loss-of-function mutations demonstrated a
frameshift point mutation in exon 5 (Figure 2A) that cor-
related with absent NPAS3 protein expression in the glio-
blastoma, possibly as a consequence of non-sense me-
diated RNA decay.28 Furthermore, another substitution

Figure 2. NPAS3 DNA sequence mutation analyses in glioblastomas. A:
Three glioblastomas with point mutations that correlated with aberrant
NPAS3 protein expression and with either one or two copies of the NPAS3
RPMI-66M11 BAC FISH probe were identified. Chromatograms are shown in
Supplemental Figure S5 (available at http://ajp.amjpathol.org). B: Map posi-
tions of mutations on the NPAS3 protein. C: Functional assays on the glio-
blastoma mutations using G1 cell cycle analysis on an immortalized human
astrocyte cell line.
mutation was identified in exon 2 and correlated with
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reduced NPAS3 expression in the glioblastoma with one
copy of the BAC FISH probe (Figure 2A). The tryptophan
to glycine amino acid substitution in NPAS3 resulted in an
expressed but nonfunctional protein (Figure 2A), possibly
as a consequence of structural changes in the DNA bind-
ing domain. One glioblastoma specimen (GBM1) with no
loss of heterozygosity of NPAS3 identified from the panel
of SNP markers (see Supplemental Figure S6 at http://
ajp.amjpathol.org) demonstrated a heterozygous muta-
tion in exon 2 that correlated with increased protein ex-
pression (Figure 2A). This mutation was a phenylalanine
to serine substitution and resulted in a nonfunctional pro-
tein (Figure 2C), possibly as a consequence of structural
changes within the DNA binding domain. Furthermore,
this heterozygous mutation exhibited a dominant-nega-
tive effect because the co-expression of the wild-type
NPAS3 protein with the NPAS3 mutant variant did not
induce cells to accumulate in the G1 phase (Figure 2C).
From this observation, it was postulated that some glio-
blastomas with increased NPAS3 protein expression
identified (Figures 1A; see also Supplemental Figure S2
at http://ajp.amjpathol.org) may also harbor dominant-
negative loss-of-function mutations. In those glioblasto-
mas with unidentified mutations, the possibility of muta-
tions elsewhere in the gene or genome cannot be
excluded using our methods. This may involve mecha-
nisms such as hypermethylation or epigenetic silenc-
ing,29 as identified in the panel of glioblastomas (see
Supplemental Table S1 at http://ajp.amjpathol.org). Large
numbers of loss-of-function nonpolymorphic mutations
have been identified in NPAS3 that are associated with
loss of heterozygosity in glioblastomas; a similarity found
in tumor-suppressor genes.

NPAS3 Expression Affects Transformation of
Human Malignant Glioma Cell Lines

Discovery of predominant aberrant NPAS3 expression in
surgically resected human astrocytoma specimens asso-
ciated with loss-of-function mutations prompted investi-
gation of NPAS3 expression in human malignant glioma
cell lines. Using Western blot analysis, absence of
NPAS3 protein expression was identified in two of four
malignant human glioma cell lines (Figure 3A, left panel).
No mutations in the coding regions of the gene were
identified in the four glioma cell lines. Next investigated
was the targeted effects of stable and constitutive knock-
down, overexpression, and re-expression of NPAS3 in
the U343 (with NPAS3 not endogenously expressed) and
U118 (with NPAS3 endogenously expressed) cell lines
(Figure 3A, right panel). It was noted that a constitutively
re-expressed or overexpressed NPAS3 in the U343 and
U118 glioma cell lines (Figure 3A, right panel) promoted
significant (P � 0.01) decreases in proliferation (Figure
3B), with substantial cell accumulation in the G1 and
sub-G1 cell cycle phases but with decreases in the S
phase (Figure 3D). To confirm these cell cycle findings,
significant increases were identified in apoptosis even in
the presence of a camptothecin apoptosis inducer (Fig-

ure 3C) when NPAS3 expression was increased in U118
and U343. Compared with other cell lines, parental U118
and U343 cell lines demonstrate relatively low migratory/
invasive properties. Increased NPAS3 expression in both
of these cell lines still did not induce changes in the
migratory/invasive properties in vitro (see Supplemental
Figure S7A at http://ajp.amjpathol.org). However, condi-
tioned media harvested from these cell lines with in-
creased NPAS3 expression led to a significant (P � 0.01)
reduction in the in vitro viability of a HUVEC cell line (see
Supplemental Figure S8A at http://ajp.amjpathol.org). Fi-
nally studied were the effects of NPAS3 expression on the
transformation of glioma cell lines. In U343 and U118,
when NPAS3 expression was increased, significant (P �
0.01) reduction in anchorage-independent growth in soft
agarose (Figure 3E) and in vivo intracranial tumor growth
in NOD-SCID mice (n � 10 of 10 mice tested for each
engineered cell type) were observed (Figure 3F). Overall,
tumors were reduced by greater than 70% (Figure 3F),
which resulted in NOD-SCID mice surviving significantly
longer over a 3-month study end point (Figure 3G).

In converse experiments, stable and constitutive
knockdown NPAS3 expression with two independent sets
of shRNAs (efficiency �80%; Figure 3A, right panel) sig-
nificantly (P � 0.01) augmented proliferation of the U118
glioma cell line (Figure 3B) and resulted in a decrease in
cells accumulating in the G1 cell cycle phase and ac-
companied by an increase in cells in the S phase (Figure
3D) but with no change in apoptosis (Figure 3C). Com-
pared with the parental cell lines, these cells also dem-
onstrated increased (P � 0.05) in vitro migratory/invasive
properties (see Supplemental Figure S7A at http://ajp.
amjpathol.org). In addition, conditioned media harvested
from these engineered cells induced an increase (P �
0.05) in the in vitro viability of a HUVEC cell line (see
Supplemental Figure S8A at http://ajp.amjpathol.org). Fi-
nally, constitutive knockdown NPAS3 expression in the
U118 glioma cell line (�80% efficiency; Figure 3A, right
panel) significantly (P � 0.01) increased anchorage-in-
dependent growth in soft agarose (Figure 3E) and further
induced more aggressive hyperproliferative, vascular-
ized, and invasive in vivo intracranial tumor growth, re-
sulting in a significant decrease in overall survival of
NOD-SCID mice over a 3-month study end point (n � 10
of 10 mice tested for each engineered cell type) (Figure
3, F and G). Collectively, the data suggest that NPAS3
expression can modify the transformation potential of gli-
oma cell lines. Thus, loss of NPAS3 expression induces
more aggressive growth in vitro and in vivo, whereas the
converse increased expression suppresses growth,
properties inherent in tumor-suppressor genes.

NPAS3 Acts as a Tumor-Suppressive
Progression Factor to Induce Transformation of
Astrocytes in Humans

After NPAS3 was identified as a nuclear protein in non-
transformed astrocytes (see Supplemental Figure S1 at
http://ajp.amjpathol.org) but with predominant aberrant
expression in high-grade astrocytomas (Figures 1A; see

also Supplemental Figure S2 at http://ajp.amjpathol.org),
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the influence of NPAS3 expression in the transformation
of astrocytes in humans fewer than five passages was
examined. The well-characterized human fetal astrocyte
cell line model immortalized with telomerase,30,31 de-
noted herein as NHA-TERT, was used rather than human

Figure 3. Functional evaluation of NPAS3 protein expression in human malignant
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parental astrocyte cell line (NHA-TERT), did not signifi-
cantly (P � 0.05) change proliferation, apoptosis, migra-
tion/invasion, or even cell cycle phases (Figures 4, B–D;
see also Supplemental Figure S7B at http://ajp.amjpathol.
org). Further, it could not induce either in vitro transforma-
tion in soft-agarose (Figure 4E) or in vivo tumor growth in
NOD-SCID mice (n � 20 of 20 mice tested). Conditioned
media harvested from this cell line, however, induced an
increase (P � 0.05) in the in vitro viability of a HUVEC
cell line (see Supplemental Figure S8B at http://ajp.
amjpathol.org).

NPAS3, however, acts as a tumor-suppressive pro-
gression factor to drive transformation only in the pres-
ence of other genes predisposed to gliomagenesis.
Thus, a stable knockdown NPAS3 with two independent
sets of shRNA (efficiency �80%; Figure 4A), in concert
with the human papillomavirus E6 and E7 oncogenes,
which inhibit the pRB and p53 signaling pathways,30,31

promoted a significant (P � 0.01) increase in proliferation
(Figure 4B), resulting in no decrease in cells accumulat-
ing in the G1 phase but in the S phase (Figure 4D) and no
change in apoptosis (Figure 4, C and D). These cells also
demonstrated a significant (P � 0.05) increase in their in
vitro migratory/invasive properties (see Supplemental
Figure S7B at http://ajp.amjpathol.org). Moreover, condi-
tioned media harvested from these cells significantly (P �
0.05) improved the in vitro viability of a HUVEC cell line
(see Supplemental Figure S8B at http://ajp.amjpathol.org).
Furthermore, knockdown NPAS3 expression in NHA-
TERT/E6/E7 induced transformation in soft agarose (Fig-
ure 4E) and promoted the growth of tumors similar to
anaplastic astrocytomas in NOD-SCID mice (n � 4 of 20)
by 2.5 months (Figure 4F).

In the converse experiments, stable overexpressed
NPAS3 in NHA-TERT and NHA-TERT/E6/E7 (Figure 4A)
promoted significant (P � 0.01) decreases in proliferation
(Figure 4B), with cells accumulating in the G1 and
sub-G1 cell cycle phases (Figure 4D) but with decreases
in the S phase (Figure 4D). An increase in cells of the
sub-G1 phase (Figure 4D) was confirmed using caspase
3/7 assays, which demonstrated a significant increase in
apoptosis even in the presence of the apoptosis inducer
camptothecin (Figure 4C). Both the parental NHA-TERT
and NHA-TERT/E6/E7 cell lines are relatively noninvasive.
Elevated NPAS3 expression in these two cell lines did not
further modify the in vitro invasive/migratory properties
(see Supplemental Figure S7B at http://ajp.amjpathol.
org). However, conditioned media harvested from both

Figure 4. Functional evaluation of NPAS3 expression in human astrocytes.
A: Western blot analysis of NPAS3 expression in a panel of engineered
astrocyte cell lines, with �-actin as a positive control, and with the NPAS3
shRNA plasmids targeting exons 5 and 6. B: MTS assays (performed in
triplicate) over 6 days. C: Caspase 3/7 apoptosis assays (performed in trip-
licate) in the presence of camptothecin apoptotic inducer. D: FACS analysis
(performed in triplicate) with cells stained with propidium iodide. E: An-
chorage-independent growth assays in agarose over 21 days. F: Stable
knockdown NPAS3 expression induced in vivo intracranial growth of only
NHA-TERT/E6/E7 cells in NOD-SCID mice (n � 4 of 20) at approximately 2½
months after injection (3-month study end point) in tumors reminiscent of
anaplastic astrocytomas that demonstrated absent NPAS3 expression and

pathologic features including nuclear atypia, high mitotic index, vascularity,
and invasiveness.
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cell lines with increased NPAS3 expression induced a
decrease in the in vitro viability of a HUVEC cell line (see
Supplemental Figure S8B at http://ajp.amjpathol.org). Fi-
nally, NHA-TERT and NHA-TERT/E6/E7 with elevated
NPAS3 expression were overall unable to grow in soft
agarose (Figure 4E) and even in vivo in NOD-SCID mice
(n � 20 of 20) over the 3-month study end point.

To understand the mechanism by which NPAS3 drives
transformation in astrocytes via regulated genes, a candi-
date gene approach was used, with Cancer PathwayFinder
PCR arrays (SABiosciences Corp.) (see Supplemental Ta-
ble S2 at http://ajp.amjpathol.org). The expression of genes
regulated by NPAS3 was discerned by comparing genes
being differentially expressed using real-time RT-PCR anal-
yses in the NHA-TERT cell line with and without NPAS3
expression. After examining approximately 82 genes in-
volved in distinct cancer pathways, loss of NPAS3 expres-
sion in NHA-TERT identified 6 genes with significantly de-
creased expression and another 19 genes with significantly
increased expression (see Supplemental Table S2 at http://
ajp.amjpathol.org). The six genes with decreased expres-
sion were CDKN1A(p21Waf1), CDKN2A(p16Ink4), CASP8,
FAS, TNFRSF1A, and NME1. These genes regulate pro-
cesses such as the cell cycle, cell death, and cell migra-
tion/invasion. The 19 genes with increased expression
were ATM, CDC25A, AKT1, ERBB2, JUN, MYC, ITGA1,
ITGA2, ITGA3, ITGB3, ITGB5, MCAM, FGFR2, VEGFA,
MET, MMP1, MMP2, MTA1, and PLAUR. These genes
regulate processes such as the cell cycle, cell migration/
invasion, angiogenesis, and intracellular growth factor
signal transduction pathways. Collectively, the data sug-
gest that NPAS3 expression can modify the transforma-
tion potential of human astrocytes as a tumor-suppres-
sive progression factor and by perturbing the expression
of genes in key cancer-signaling pathways.

Discussion

To understand the role of NPAS3 in diseases in humans
after the initial cloning of this gene,13 there is evidence to
support the role of NPAS3 in an acquired disease,
namely, malignant astrocytoma. In addition, no previous
studies, including those by our group,16,20 have yet dem-
onstrated a strong link between NPAS3 with any congen-
ital disease such as holoprosencephaly. The present
study was initiated from a search for astrocytoma candi-
date genes using data derived from the Cancer Genome
Project and pre-screenings of our panel of 433 surgically
resected astrocytoma specimens. Thus, data from the
Cancer Genome Project obtained from the analyses of
astrocytoma specimens using SNP arrays, methylation
arrays, cDNA microarrays, comparative genomic hybrid-
ization arrays, spectral karyotyping, and standard cyto-
genetic analysis initially demonstrated that as many as
80% of specimens had chromosome 14 deletions (in-
cluding NPAS3 cytogenetic interval) and aberrant NPAS3
expression.2–9 Moreover, recently refined molecular clas-
sifications of glioblastomas using genomics-based meth-
ods have identified chromosome 14 deletions with

NPAS3, which are common in the proneural subtype,
followed by the mesenchymal and neural subtypes, but
with none detected in the classic subtype.2 To further
strengthen the link between NPAS3 and neoplasia, chro-
mosome 14 deletion leading to expected loss of NPAS3
expression has also been reported in oligodendroglio-
mas, mixed gliomas, and nonglial tumors including
esophageal, breast, prostate gland, and renal carcino-
mas, and melanomas,5,21–23 compared with normal con-
trol tissues. However, the functional role of NPAS3 in
these cancers has yet to be determined.

To substantiate the role of NPAS3 in cancers in humans,
the present study is the first to provide robust evidence that
NPAS3 has functional features similar to those of a tumor
suppresser, which drives late progression of human malig-
nant astrocytomas. This is based on the following observa-
tions: i) absent NPAS3 expression was predominant in high-
grade astrocytomas, including secondary glioblastomas,
compared with low-grade astrocytomas, demonstrating
consistency with an expression pattern typical of tumor-
suppressive late-stage progression factors; ii) absent
NPAS3 expression in surgically resected glioblastomas
correlated with a higher proliferative index; iii) loss-of-
function mutations (large deletions, hypermethylation,
and point mutations: frameshift, missense) in NPAS3 that
are associated with loss of heterozygosity of the NPAS3
locus were identified in glioblastoma specimens, as typ-
ically noted with tumor-suppressor genes, and further-
more, the point mutations were determined to be non-
polymorphic; iv) absent NPAS3 expression in two of four
malignant human glioma cell lines was identified; v) sta-
bly overexpressed or re-expressed NPAS3 in malignant
glioma cell lines (U118 and U343) significantly reduced
the transformation potential; vi) converse stable knock-
down of NPAS3 expression (efficiency �80%) in a ma-
lignant glioma cell line (U118) promoted a significant
increase in in vitro growth in soft agarose and in vivo
intracranial growth in NOD-SCID mice; vii) stable knock-
down NPAS3 expression (efficiency �80%) in concert
with the human papillomavirus E6 and E7 oncogenes,
which inhibit the pRB and p53 signaling pathways,30,31

transformed the well-characterized TERT-immortalized
human astrocyte cell line30,31 in soft agarose and pro-
moted the growth of tumors reminiscent of anaplastic
astrocytomas in NOD-SCID mice, whereas the parental
astrocyte cell line with only stably knocked down NPAS3
expression or only E6 and E7 expression was not trans-
formed; and viii) the converse stably overexpressed
NPAS3 suppressed the transformation of TERT-immortal-
ized human astrocytes even in the presence of E6 and E7
oncogene expression. Although 7% to 30% of our astro-
cytoma panel with elevated NPAS3 expression and with
gains of NPAS3 copy number was identified, the findings
on the relevance of NPAS3 expression still overwhelm-
ingly support loss of NPAS3 expression as tumor sup-
pressive in the late progression of astrocytomas. In sup-
port of this, also identified were five glioblastomas with
three copies of NPAS3 but with absent NPAS3 expres-
sion, and a heterozygous dominant-negative loss-of-
function mutation in a glioblastoma specimen associated

with increased NPAS3 expression.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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Thus far, it has been discovered that NPAS3 mediates
its tumor-suppressive progression factor role in malig-
nant glioma cell lines and human astrocytes by modulat-
ing the control of cell cycle regulation, proliferation, apop-
tosis, and migration/invasion. In malignant glioma cell
lines (U118 and U343), the gliomagenic role of NPAS3 is
independent of wild-type p53 expression. Although loss
of p53 and pRB signaling does not affect endogenous
expression of NPAS3 in human astrocytes immortalized
with TERT, NPAS3 can still exert a tumor-suppressive
progression factor in concert with these pathways to
drive transformation into anaplastic astrocytomas from
this astrocyte cell line in humans.

The present data are consistent with the known activity
of NPAS3 in human fetal development, with increased
expression in the radial glia of the ventricular zone during
the first trimester and decreased expression in the inter-
mediate progenitor cells of the subventricular zone later
in development,14 which suggests that normal NPAS3
expression has an important role in regulating the devel-
opment and maturation of neural stem cells into mature
glia. Current theories of gliomagenesis postulate that
gliomas arise by transformation of residual neural stem
cells or progenitor cells.18 Therefore, the mechanisms
that regulate normal neural stem cell in development
likely have an important role in regulation of tumors de-
rived from neural stem cells and progenitor cells.

A combination of selective pharmacologic agents and
candidate gene approaches identified links between
NPAS3 and multiple signaling pathways such as trans-
forming growth factor-�, fibroblast growth factor recep-
tor, bone morphogenic protein 4, glutamate, dopamine,
and serotonin neurosignaling in murine neurons and ep-
ithelial limb bud cells.13,15,32,33 The consequences of
affecting multiple signaling pathways via NPAS3 expres-
sion is not immediately obvious. Increased BMP4 causes
a significant decrease in the stemlike tumor-initiating pre-
cursors of glioblastomas in humans34; however, in-
creased fibroblast growth factor signaling would be ex-
pected to demonstrate the opposite effect.35

The data have further established novel cancer molec-
ular pathways involving genes being regulated by NPAS3
in astrocytes in humans. From the dataset, loss of NPAS3
expression drives accelerated proliferation with a de-
crease in apoptosis and increase in cells accumulating in
the S cell cycle phase. This may be mediated by de-
creased expression of CDKN1A and CDKN2A and con-
verse increase in expression of ATM and CDC25A during
cell-cycle regulation. Likewise, decreased expression of
CASP8, TNFRSF1A, and FAS could explain the overall
decrease in apoptosis in these cells. Increased expres-
sion of ATM and decreased expression of CASP8 have
been documented, with important roles in the progres-
sion of astrocytomas.36–38 Other major genes of growth
factor signaling pathways active in gliomas, including AKT1,
ERBB2, JUN, and MYC, demonstrate increased expression
when NPAS3 expression is absent. Oncogenic increased
expression of AKT1, ERBB2, JUN, and MYC is commonly
identified in gliomas and is thought necessary for the pro-

gressive growth of astrocytomas.39–44
The present study also identified that loss of NPAS3
expression drives an increase in the migratory/invasive
potential of glioma cell lines and astrocyte cell lines in
humans. Such cellular behavior may be a consequence
of identification of increased expression of several genes
including ITGA1, ITGA2, ITGA3, ITGB3, IGB5, MCAM,
MET, MMP1, MMP2 and MTA and the converse de-
creased expression of NME1. These genes are well char-
acterized, with roles in cell migration/invasion and in the
progression of astrocytomas.45,46 Loss of NPAS3 expres-
sion has also been noted to drive an increase in the in
vitro viability of HUVEC endothelial cells, with increased
vascularity of induced tumors. Such phenomena may be
due to findings from the dataset demonstrating that loss
of NPAS3 expression increases expression of angiogen-
esis-promoting factors including FGFR2 and VEGFA,
which are well characterized in the progression of astro-
cytomas.47,48 Increased levels of vascular endothelial
growth factor A are prominently identified in high-grade
astrocytomas,47,48 which correlate well with absence of
NPAS3 expression observed in these lesions.

Apart from discovery of a fundamental role of NPAS3
expression in astrocytomas, of clinical importance, the
present data also indicate that patients with glioblastomas
with absent NPAS3 immunostaining exhibit poorer overall
survival than do patients with NPAS3-immunopositive glio-
blastomas and, hence, a negative prognostic marker for
survival. This raises the possibility that NPAS3 IHC may
provide useful prognostic information in future clinical stud-
ies of glioblastomas. In addition, as similarly performed with
other gliomagenesis transcription factors such as p53 and
OLIG2, future studies to search for biological agents
against NPAS3 such as from kinases or phosphorylases
that regulate NPAS3 protein activity are anticipated to con-
tribute to the discovery of improved targeted therapies.

In summary, the present data provide robust evidence
that NPAS3 has features suggestive of a tumor-suppressive
role that drives the late progression of astrocytomas. Such
findings are important in improving understanding of the
biologic features of astrocytoma, which may lead to discov-
ery of better treatment for this notably fatal disease.
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