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(2). bHLH transcription factors are known to play an important role in
the regulation of cell determination and differentiation in several
cell-specific lineages as well as in cell proliferation and transforma
tion. However, Id proteins lack the basic amino acid domain necessary
for DNA binding and inhibit binding to DNA and transcriptional
activation by heterodimerization with bHLH proteins (1, 3).

Four members of the Id gene family have been identified in mam
mals: id-i (1), id-2 (3, 4), id-3 (5), and id-4 (6). Generally, high levels
of Id mRNA in proliferative and undifferentiated cells decrease as
they are induced to differentiate (1, 3, 7, 8). In contrast, the expression
of Id genes is induced in cell lines treated with growth factors or after
serum stimulation (5, 9). Overexpression of human id-2 enhances
proliferation of human tumor cells (10, 11), and overexpression of
human Id-3 (HLJI iR2i) induces a morphologically transformed
phenotype in NIH 3T3 cells (12). These observations suggest that Id
proteins can act as negative regulators of cell differentiation in several
different tissues and are involved in the control of cell proliferation
and possibly malignant transformation. Very little is known about the
expression of id genes in cells of the nervous system and especially in
glial cells. To gain insight into the potential role of Id genes in
astroglial differentiation, we evaluated the expression of Id genes
during astrocyte differentiation in an astrocyte precursor cell line,
NSEHip2-28, as well as in astroglial tumor cell lines.

Materials and Methods

Cell Culture. Themouseastrocyteprecursorcell lineNSEHipP2-28was
obtainedby immortalizationofprimaryhippocampalculturesfroma 2-day-old
transgenic mouse that carried an NSEIacZ transgene. A recombinant pZIP
retroviral vector expressing the conditional mutant SV4OT antigen Ul9tsA58
(13, 14) was used to immortalize these cells.5 NSEHIpP2-28 cells were plated
into 100-mm tissue culture dishes precoated with polyomithine in medium
consisting ofDMEM (Life Technologies, Gaithersburg, MD), 2 mMglutamine,
1 mr@tpyruvate, 15 nmi HEPES, penicillin G sodium (50 units/mi), and
streptomycinsulfate(50 @g/ml)(allfrom SigmaChemicalCo.,St.Louis,MO)
supplemented by 10% FBS (Life Technologies, Inc.), and cultured at 33Â°C
(permissivetemperature)in a humidified5% CO@/95%air incubator.When
approximately 70% confluent, undifferentiated cells (day 0) were rinsed twice
in calcium- and magnesium-free PBS and induced to differentiate by culturing
them in serum-free medium consisting of DMEM-Ham's F12 (Life Technol.
ogies, Inc.), 2 mMglutamine, 2 mMpyruvate, 15 mMHEPES, 5 @g/mlinsulin,
1 @.@g/mltransferrin, 20 ass progesterone, 100 @tMputrescine, I @g/mla-es
tradiol, 20 aM hydrocortisone, 3 nM T3, 30 russ sodium selenite, penicillin G
sodium (50 units/mI), and streptomycin sulfate (50 @g/ml;all from Sigma
Chemical Co.), at 39Â°C(nonpermissive temperature) in 5% CO,J95% air for
15 days (days 0â€”15).

A humanglioblastomacell line, U-87 MG; humanmedulloblastomacell
linesDaoy, D283 Med. D34l Med; and humanneuroblastomacell lines
SK-N-MC and SK-N-SH were obtained from the American Type Culture
Collection (Rockville, MD; catalogue numbers ATCC HTB 14, 186, 185, 187,
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Introduction

Cancer is associated with alterations in cellular differentiation.
Astrocytic tumors are the most common primary tumors in the CNS4
and are frequently characterized by anaplasia. Significant progress has
been made in understanding astroglial physiology and pathology, yet
themolecularmechanismsthatcontroldifferentiationin astrocytes
remain obscure. Alterations in each of the regulatory mechanisms that
modulate glial differentiation have the potential to contribute to the
development of glial tumors of the nervous system. Inappropiate
cellular proliferation of nervous system tissue may be a direct result of
disorders in the regulation of differentiation. In this context, defects in
transcription factors that regulate cell maturation could contribute to
arrested differentiation or to abnormal differentiation.

Id proteins belong to a class of transcription factors known as HLH
proteins (1). The distinguishing feature of this class is an amino acid
motif predicted to form a HLH structure that mediates the dimeriza
tion of these proteins. Members of the HLH family acting as tran
scription factors typically contain a domain of basic amino acids N
terminal to the HLH motif. The basic domain of such transcription
factors mediates their binding to DNA when these proteins dimerize
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10, and I 1, respectively). Human glioblastoma cell lines SNB-l9, SK-MG-l2,

U-25l MG, U-343 MG; the human medulloblastoma cell line SNB4O; and

human neuroblastoma cell lines SMS-KCNR, LA-N-5, SHF, and SK-N-LO
were obtained from the Brain Tumor Research Center, University of Califor
nia, SanFrancisco,andtheir maintenancehasbeendescribedpreviously(15,
16). Glioblastoma cells were cultured in DMEM supplemented by 50 units/ml
penicillin, 50 @g/mlstreptomycin, and 10% FBS at 37Â°C in 5% CO@/95% air.

Medulloblastoma and neuroblastoma cells were cultured in the same condi
tions in Eagle's MEM with Earle's balanced salt solution (Life Technologies,
Inc.) supplemented with nonessential amino acids, I mMpyruvate, penicillin,
streptomycin and 10%FBS, except SMS-KCNR, which was cultured in RPM!
1640 (Life Technologies, Inc.) supplemented with penicillin, streptomycin,
and 10% FBS.

Immunofluorescence. For immunofluorescent studies, NSEHipP2-28 cells

were cultured as described above on polyornithine-coated coverslips. Undif
ferentiated cells (day 0) and differentiating cells at days 2, 7, 12, and 15 were
fixed in methanol/acetone (1:I) for 2 mm at room temperature or in cold
methanol for 10 mm at â€”20Â°C.Coverslips were rinsed with calcium- and
magnesium-free PBS/0.l% BSA and incubated with antinestin (diluted
I : 1000; Ref. 17) or anti-GFAP (diluted I :100; Sigma Chemical Co.) antibodies

at 37Â°Cfor 30 mm. A normal immunoglobulin fraction (DAKO Corp., Carpin
teria, CA) was used in parallel as the control. The coverslips were washed
extensively with PBSIBSA and incubated with FITC-conjugated goat antirab
bit IgG (Boehringer Mannheim, Indianapolis, IN; final dilution 1:500) at 37Â°C
for 30 mm. Coverslips were finally washed, mounted, and examined, and they
were photographed using an epifluorescence microscope (Zeiss Axioplan,
Oberkochen, Germany).

ImmunoblottingAnalysis.Proteinlysateswerepreparedfromundiffer
entiated (day 0) and differentiating (days 2, 5, 7, 9, 12, and 15) NSE
HipP2-28 cells cultured as indicated above, by homogenization in 10 mM
Tris-HCI (pH 8.0), 150 mt@iNaCI, 0.5% NP4O,0.5% sodium deoxycholate
containing 10 p@g/mlaprotinin and leupeptin, and 1 mt@iphenylmethylsul
fonyl fluoride. The protein concentration of the lysates was quantitated by
the Bradford protein assay (Bio-Rad, Richmond, CA), and samples con
taming 10 i.Lg of total protein were boiled in SDS loading buffer [100 mr@i

Tris-HCI (pH 6.8), 20% glycerol, 6% SDS, 10% @-mercaptoethanol,and
0.01% bromphenol blue] and fractionated on 10% SDS-PAGE using stand
aid methods. The proteins were then transferred to nitrocellulose mem
branes by electroblotting, and the membranes were incubated for 1 h at
room temperature in TBS-T [50 mr@iTris (pH 7.6), 1.5% NaCI, 0.1% Tween
20] containing5% nonfatmilk.The samesolutionwas used for incubation
with antibodies. Anti-GFAP antibody (DAKO) diluted 1:8000 or anti-NSE

(Chemicon, Temecula, CA) diluted I:5000 were incubated with the blotted
proteins for I h at room temperature. The membranes were then rinsed
briefly, washed three times for 10 mm each in TBS-T, and incubated for 1 h

at room temperature with a 1:20,000 dilution of goat antirabbit lgG
conjugated to horseradish peroxidase (Life Technologies, Inc.). Finally, the
membranes were washed in TBS-T for 35 mm at room temperature, and the
labeled bands were visualized with an enhanced chemiluminescence de
tection system (ECL, Amersham Corp., Arlington Heights, IL).

RNA Preparation and Northern Blot Analysis. Total RNA was extracted
from NSEHipP2-28 cells cultured as indicated above at day 0 and at 2, 5, 7, 9,
12, and 15 days of differentiation,and from the glioblastoma,medulloblas
toma, and neuroblastoma cell lines growing exponentially. RNA was prepared
by the guanidinium thiocyanate-phenol-chloroform extraction procedure (18).
Ten-g.@galiquots of total RNA were fractionated by electrophoresis in 1%
agarose-formaldehyde gels and transferred to nylon membranes (Nytran,
Schleicher & Schuell, Keene, NH) by standard techniques. Hybridization was
carried out at 42Â°Cin hybridization buffer containing 50% formamide, 5 X
SSPE (1X SSPE: 150 mMNaCI, 10 mMNaH2 P04, 1 nmi EDTA), lox
Denhardt's, 200 .tg/ml salmon sperm DNA, and 2% SDS. Full-length murine
Id-i (1), Id-2 (3), Id-3 (ATCC catalogue number 63 120; Ref. 5), Id-4 (6),
human GFAP (19), and murine GAPDH cDNAs were radiolabeled with
[32P]dCTP by random-priming (Amersham Corp.). The membranes were
washed twice in 2x SSPE and 0.1% SDS for 30 mm at 60Â°Cand exposed for
autoradiography to X-ray films (Amersham Corp.). For rehybridization, mem
braneswerestrippedfor 15mmat 100Â°Cino.osx SSPEcontaining0.1%SDS
and 20 mM EDTA.

Results

The complexity of nervous system tissues complicates the study of
cell-specific in vivo regulation of gene expression. To investigate the

potential role of Id proteins in astroglial differentiation, we first
characterized a new mouse neural precursor cell line, NSEHip2-28,
for its ability to differentiate along the astroglial lineage. The NSE
Hip2-28 cell line was immortalized with a recombinant retroviral
vector expressing a conditional SV4O T-antigen mutant, Ul9tsA58.5
This temperature-sensitive antigen is active at 33Â°C(permissive tem
perature) and inactive at 39Â°C(nonpermissive temperature), thereby
allowing reversal of the immortalizing effect of T antigen by raising
the temperature of cultures from 33 to 39Â°C.This temperature shift
results in degradation of the SV4O T-antigen oncoprotein.

As shown in Figs. 1 and 2, NSEHip2-28 cells differentiated along
the astroglial lineage when growth medium was changed to serum
free medium and the incubation temperature was switched from the
permissive to the nonpermissive temperature for 15 days. Immunoflu
orescent evaluation of nestin and GFAP expression in cells growing at
33Â°Crevealed that they expressed nestin, an intermediate filament
protein that is expressed exclusively in proliferating precursors of the
developing CNS (20, 21), but not GFAP, a highly specific marker for
astrocytes (Ref. 22; Fig. 1, A and C). However, upon the induction of
differentiation, cell growth was arrested, cell morphology changed
from fibroblast shaped to spindle shaped, expression of nestin was
greatly reduced, and the cells progressively became GFAP positive
over 2 weeks, at which time the maximal level of GFAP expression
was detected by immunofluorescence (Fig. I, B and D, and data not
shown). Control experiments in which proliferating and differentiat
ing NSEHip2-28 cells were stained with normal immunoglobulin
revealed no staining (data not shown).

To further characterize the time course of GFAP expression ob
served by immunofluorescence, we used immunoblot analysis in
parallel experiments to quantitate GFAP expression levels in NSE
HipP2-28 cells during differentiation. As shown in Fig. 2, A and C,
GFAP was not detected in NSEHipP2-28 cells growing at the per
missive temperature and was first detected at day 2 of differentiation.
GFAP expression levels increased rapidly (4.5- to 7.7-fold) between 2
and 15 days after the induction of differentiation. In these same cells,
high levels of NSE present in proliferating cells decreased rapidly
following the induction of differentiation (Fig. 2, B and C). These
results indicated that NSEHip2-28 cells differentiated along an astro
glial lineage, and we therefore used this in vitro model of astrocytic
differentiation to investigate the regulation of id genes during astro
cyte differentiation.

To investigate the regulation of Id genes during astrocyte differen
tiation, we examined the steady-state levels of Id-i, Id-2, id-3, and
Id-4 mRNA by Northern blot analysis of RNA from undifferentiated,
proliferating, and differentiated NSEHip2-28 cells. id-i, id-2, and
id-3 were expressed as single transcripts of approximately 1.3 kb (23),
1.6 kb (3), and I.0 kb (5), respectively, in both proliferating and
differentiating cells (Fig. 3, Aâ€”C).We detected the three characteristic
transcripts of Id-4 (3.7, 2.0, and 1.7 kb) described previously for this
gene (Ref. 6; Fig. 3D). We determined that id-I and ld-3 are highly
expressed in proliferating NSEHip2-28, whereas id-2 and ld-4 are
expressed at lower levels (Fig. 3). Upon the induction of differentia
tion, the expression of all four Id family members increased dramat
ically at a time when GFAP expression became detectable (Figs. 2 and
3). Table 1 shows the relative transcriptional level of four ids nor
malized by comparison to the expression of GAPDH. The steady-state
level of Id-i mRNA increased 2.4-fold, compared to the level ob
served in proliferating control cells, 5 days after induction of NSE
Hip2-28 differentiation; id-2 mRNA levels increased 7.6-fold in 5
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P (C andD) whenculturedat33Â°Cin growthmedium(AandC) andafter 15daysof cultureat 39Â°Cinserum-freemedium(BandD).Magnication,X400.
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characterized by high levels of Id-2 expression, and cell lines in which
the level of Id-4 expression is low also have relatively low levels of

â€” 18S id-2 expression. Although we observed that the relative levels of

expression for id-4 and id-2 mRNAs were similar in several cell lines,
SK-N-MC, SK-N-LO, SNB- 19, and U-25 1 MG were exceptions.
SK-N-LO and SNB-l9 have lower levels of id-4 mRNA as compared
to SK-N-MC and U-25 1 MG, respectively, although id-2 mRNA

â€” 1 Â° levels were higher in SK-N-LO and SNB- 19 than in SK-N-MC and

8@ U-251MG.Thelowestlevelsof id expressionwereobservedinthe
cells derived from medulloblastomas, which are considered to be the
most undifferentiated tumors ofthe CNS, whereas in glioblastoma cell

â€” 18S lines Id expression varied greatly among the different cell lines. The

highest level of expression was found in the U-25 1 MG cell line,
which is GFAP positive and may correspond to astrocytes, which are
relatively well differentiated (26).

â€” 1 8S Cell differentiation requires the coordinated action of many differ

ent events. Mostly commonly, soluble extracellular signals stimulate
18S tissue-specificgeneexpressionthatresultsincellsacquiringunique

phenotype characteristics. Understanding the molecular pathways me
diating tissue-specific gene expression is of central importance for the
study of cellular differentiation and the disorders that affect it. bHLH
transcription factors play an important role in the regulation of cell
determination and differentiation in several tissues, including those of
the nervous system (27, 28), and transcriptional regulators belonging
to the Id family of proteins efficiently antagonize the function of
several different bHLH proteins (1, 3). Most insights regarding the
role of bHLH proteins in neurogenesis come from genetic studies in
Drosophila, in which the extramacrochaetae gene (the structural
relative of Id genes) acts as a negative regulator of bHLH proteins,
encoded by the achaete-scute complex genes, which are important in
neural fate determination (for review, see Ref. 28). The molecular
mechanisms that control the differentiation of astrocytes remain
largely unknown. Cell lines of precursor cells from the CNS immor
talized with oncogenes may serve as model systems for developmen
tal studies and could have particular relevance to the study of neuro
oncology. We have used this paradigm to examine the expression of
Id genes in astroglial differentiation and transformation.

Data collected in murine erythroleukemia cells, F3 aza-myoblasts,
F9 cells, and B lymphocytes suggest that a decrease in Id gene
expression during the induction of differentiation is important (1, 3).
Our data demonstrate the presence of relatively abundant id-i, id-2,
id-3, and id-4 transcripts in undifferentiated NSEHip2-28 precursor
cells. Surprisingly, the transcriptional levels of all four id genes
increased significantly 2 days after the induction of differentiation.
These 2 days probably represent the period of time needed for deg
radation of the T-antigen oncoprotein at 39Â°Cin the culture (data not
shown) and the duration of time needed for reversion of its growth
stimulatory effect. Our analysis of the time course of Id induction
reveals three important findings: (a) the mRNA levels of all four ids
first increase at a time when GFAP expression becomes detectable;
(b) enhanced expression of Id correlates with increasing levels of
GFAP expression until the time when Id gene and GFAP expression
are maximal; and (c) all four Id mRNAs subsequently decrease below
basal levels. These results are compatible with a role for Id gene
expression in the process of astrocyte differentiation. Up-regulation of
the id gene family expression may be related to the first steps of
astrocytic differentiation in NSEHip2-28 cells, indicating that down
regulation of the id gene family expression is not a prerequisite for in
vitro NSEHip2-28 differentiation, at least during the initial period of
differentiation. Down-regulation of id gene expression may, however,
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Fig. 3. The expression of the four members of the id gene family is transiently
enhanced during the astrocytic differentiation of NSEHip2-28 cells. Northern blot analysis
ofld-I (A),Id-2(B),Id-3(C),andld-4(D)mRNAsindifferentiatingNSEHipP2-28cells.
Total RNA was isolated from the growth of the cells to 70% confluence at 33Â°Cin growth
medium (day 0) and from cells cultured afterward at 39Â°Cin serum-free medium for the
indicated periods of time. Ten @&gof total RNA were loaded in each gel lane. E, the
hybridization signal of a GAPDH probe used as a RNA loading and transfer control.
Numbers on the right indicate positions of 28S and l8S ribosomal RNAs.

days; id-3 mRNA levels increased 2.2-fold in 2 days; and id-4 mRNA
increased 4.0-fold in 5 days. The high levels ofid expression persisted
until day 7 of differentiation for id-i and id-3 and until day 9 for Id-2
and Id-4 messages (Table 1). Subsequently, the expression of all four
Id genes decreased below the levels detected in undifferentiated cells.

In experiments in which differentiation was delayed by culturing the
cells in medium containing FBS, up-regulation of Id gene expression
was also delayed, indicating that this enhanced expression was closely
associated with the differentiation process.

We and others have reported previously that id-i, Id-2, and id-3
genes are expressed in a variety of human tumor cell lines, some of
them from nervous system tumors (4, 24, 25). The finding that ids
were sequentially up- and down-regulatedduring NSEHip2-28 in
vitro astrocyte differentiation, their developmental regulation during
brain maturation (4, 23, 25), and their known activity in regulating cell
differentiation and proliferation led us to examine by Northern blot
analysis the pattern of expression of these genes in a number of cell
lines derived from nervous system tumors. We focused this evaluation
on Id-2 and id-4, because the expression of these genes was most
dramatically increased during NSEHip2-28 differentiation and id-4,
the expression of which in tumors has not been examined, is expressed
at a high level during the development of normal brain tissue (6). We
examined the glioblastoma cell lines, SNB-l9, SK-MG-l2, U-87 MG,
U-25l MG, and U-343 MG; the medulloblastoma cell lines, Daoy,
SNB4O, D283 Med. and D34l Med; the neuroblastoma cell lines,
SMS-KCNR, LA-N-S. SHF, SK-N-SH, and SK-N-LO; and the neu
roepithelioma cell line SK-N-MC (Fig. 4). After Northern blot hy
bridization, the expression of Id genes in those cell lines was quan
tified and normalized by comparison to GAPDH mRNA expression.

Examination of the pattern of Id gene expression in Fig. 4 indicates
that those cell lines in which Id-4 is highly expressed are also
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Table ImRNA expression of Id-I, Id-2, Id-3, and Id-4 during the astrocytic d(fferentiation of NSEHip2-28cellsâ€•mRNA

kbDay

ofdifferentiation257
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Id-i1.32.12.41.40.8ld-21.63.17.64.51.4ld-31.02.21.81.40.4ld-43.7

2.0
1.73.3

2.6
3.44.0

3.7
3.92.7

3.5
2.91.1

1.3
1.2
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0.4 0.2
0.6 0.7
0.2 0.2
UDb UD
UD UD

UD UD _____
a The Northem blots shown in Fig. 3, were quantified by densitometry of the autoradiograms for Id-I, ld-2, Id-3, and Id-4. The values were normalized with that of the GAPDH

mRNA. The results were expressed as the mRNA expression ratio differentiating/undifferentiated cells.
b UD, under detection limit.

be important during the second period of the NSEHip2-28 cell dif
ferentiation process and necessary for the terminal differentiation of
astrocytes.

Our finding that id expression is enhanced during the initiation of
astroglial differentiation of NSEHip2-28 precursor cells was unexpected,
because enhancement of id expression has been shown to be associated
with inhibition ofdifferentiation in other systems (7, 29). It has, however,
also been reported that bone morphogenetic protein 2 transiently en
hances expression of id gene in osteoblast-like cells and that nerve
growth factor has a similar effect on id-i, id-2, and id-3 expression in
PCI2 cells (30, 31) during the induction of differentiation. These obser
vations are consistent with our results. The up-regulation of id genes
during in vitro differentiation of cells derived from several lineages may
therefore occur more frequently than currently thought. It is also possible
that Id proteins have functions other than inhibition of differentiation. Id
proteins could form heterodimers with a known or unknown bHLH
protein responsible for positive regulation of cell growth or negative
regulation of differentiation in astroglial precursor cells, and in turn,
promote cell differentiation. The physiological functions of Id family
members in astrocytes must be clarified by identifying the bHLH proteins
that function during the differentiation of astroglial cells. A family of
bHLH differentiation factors for neurogenesis has been described re
cently in vertebrates (32â€”34),although a counterpart in gliogenesis has

not been described yet.
As high levels of id gene expression were detected in undifferen

tiated astrocytes, we also examined the expression of id-2 and id-4

genes in a number of cell lines derived from tumors of nervous system
tissue. We found that both id-2 and id-4 were widely expressed in
these cell lines. The highly variable levels of expression we observed
are consistent with previous observations (25) and may reflect the
different origin and biology of these particular tumor types. Neuro
blastoma and medulloblastoma are primitive tumors of neuroepithelial
origin, whereas astrocytomas arise in glial cells, which may account
for differences in id gene expression. Also, if astrocytic and neuronal
tumors arise in many different types of astrocytes and neurons and
these normal cell types express varying levels of the id gene products,
it might be expected that tumors arising in these cell types would have

similarly varying levels of id gene expression. Alternatively, previous
data suggest strongly that these tumors arise in cells corresponding to
different stages in the ontogenesis of these different nervous system
tissues (26, 35) and such cells may themselves be characterized by
different levels of id gene expression. Unexpectedly, medulloblas
toma, the least differentiated of nervous system tumors, expressed the
lowest levels of id mRNA. Because Id gene expression has been
associated with the inhibition of differentiation ( I , 3, 7, 29) and the
enhancement of cellular proliferation (5, 9â€”I1), we anticipated that
we would find high levels of id gene expression in the most undif
ferentiated and most rapidly growing tumor types. Although our
survey is too limited in scope to rule out this possibility, our findings
are also compatible with the possibility that the intrinsic ability of id
genes to diminish gene expression can be manifested in some tissues
by the inhibition of molecules that normally function to inhibit ccl

A

B

C

â€”28S

IId-4Fig. 4. Northern blot analysis of Id-4 (A) and
ld-2 (B) mRNAs in human nervoussystemtumor
cell lines.TotalRNAwasisolatedfromtheabove
indicated cell lines, and 10 p@gof total RNA were
loadedineachcorrespondinggellane.Thehybrid
ization signal of a GAPDH probe used as a RNA
loading and transfer control is shown (C). Num
bers on the right indicate positions of 285 and l8S
nbosomal RNAs. , â€”18S

GAPDH@ - 18S
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lular differentiation or proliferation. Such an activity might well be
expected to be down-regulated during the course of tumor progression
or the establishment of permanent tumor cell lines.
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