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ABSTRACT

Glial fibrillary acidic protein (GFAP) is a A/, 50,000 intracytoplasmic
filamentous protein that constitutes a portion of, and is spÃ©cifiefor the
cytoskeleton of the astrocyte. GFAP appears to stabilize the astrocyte's

cytoskeleton, and helps maintain normal astrocyte cell shape through
complex interactions between it and the nuclear and plasma membranes.
A critical observation from histopathological studies is that there is pro
gressive loss of GFAP expression with increasing astrocytic anaplasia. To
determine how GFAP expression affects human malignant astrocytoma
cells that are GFAP-deficient, we have stably transfected GFAP-negative
SF-126 human astrocytoma cells with a eukaryotic expression vector into

which a complementary DNA for the entire coding sequence of the human
GFAP protein has been inserted. Positive transformants were selected for
neomycin resistance, and GFAP-positive astrocytoma cells have been iden
tified by indirect immunofluorescence using anti-GFAP antibodies. Upon
successful transfection, 5 stably transfected SF-126 astrocytoma cell clones

were selected that produced GFAP, formed elongated processes in cell
culture, and demonstrated decreased proliferation in a tritiated thymidine
uptake assay when compared to the control. In addition, the 5 astrocytoma
cell clones demonstrated marked reduction in the number and growth of
colonies in soft agar when compared to the control. Southern analysis
revealed extra copies of the GFAP complementary DNA that had become
integrated into the SF-126 astrocytoma cell genome. Northern analysis
revealed variable expression of a 3.5-kilobase GFAP mRNA transcript

among the 5 cell clones. The amount of GFAP mRNA expression and
immunoreactivity by the stably transfected SF-126 astrocytoma cell clones

was found to correlate inversely with astrocytoma proliferation and
growth in soft agar. The restoration of GFAP expression to GFAP-negative

human astrocytoma cells has affected tumor cell morphology, prolifera
tion, and growth in soft agar in this experimental cell system.

INTRODUCTION

Astrocytomas are the most common brain tumors arising in the
CNS,1 accounting for 65% of all primary brain tumors. The majority

of astrocytomas are histologically malignant neoplasms. The malig
nant astrocytoma is a highly anaplastia and heterogeneous tumor
capable of infiltrating diffusely into regions of normal brain. Although
the histogenesis of the malignant astrocytoma is not well understood,
there are data to suggest that a malignant astrocytoma may either
derive from a less malignant precursor astrocytoma (1-3) or, more

commonly, arise de novo from a cytogenetically perturbed normal
astrocyte (4-7).

The astrocyte is a CNS-specific cell type derived embryologically

from a primitive neuroepithelial stem cell within the ependymal zone
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(8). This stem cell differentiates into an astrocyte as it migrates radi
ally from the neuroepithelium to reside ultimately in the parenchyma
of the brain (9). In the adult human brain, normal astrocytes assume
a star-shaped configuration resembling epithelial cells insofar as they

remain intimately associated, through their cytoplasmic extensions,
with the basement membrane of the capillary endothelial cells and the
basal lamina of the glial limitans externa.

Although their exact function remains unknown, astrocytes proba
bly subserve an important supporting role for neurons, providing a
favorable ionic environment, modulating extracellular levels of neu-

rotransmitters, and serving as spacers that organize neurons (10).
Interestingly, unlike neurons that are mitotically quiescent cells, as
trocytes may react and proliferate after brain injury, and have the
highest predisposition to malignant transformation of any CNS cell
type. In immunohistochemical preparations, normal, reactive, and
neoplastic astrocytes may be positively identified and distinguished
from other CNS cell types by the expression of the astrocyte-specific
intermediate filamentâ€”GFAP. By immunohistochemistry. malignant

astrocytomas have fewer tumor cells that stain positively and intensely
for GFAP than do less malignant astrocytomas and normal astrocytes
within normal brain specimens (11, 12). Put in other terms, with
increasing astrocytic anaplasia. there is progressive loss of GFAP
production (13-17). On this basis, GFAP has been considered a reli

able marker of differentiation for normal astrocytes and for tumors of
astrocytic lineage.

We have previously shown that experimental modulation of the
extracellular environment of a malignant astrocytoma cell line results
in an increase in GFAP expression, altered tumor cell morphology, and
diminished tumor cell proliferation (18, 19). In the present study, we
sought to induce the expression of GFAP in a GFAP-deficient human

malignant astrocytoma cell line. To this end, we transfected a malig
nant astrocytoma cell line with a full length cDNA for GFAP. We have
isolated several clones that transcribe the transfected cDNA at mod
erate to high levels. Whereas GFAP immunoreactivity is absent in
nontransfected cells, such reactivity is prevalent in the transfected
cells. This report describes the effects of GFAP expression on the
morphology, growth rate, and tumorigenicity of these malignant as
trocytoma cell clones.

MATERIALS AND METHODS

Astrocytoma Cell Lines and Culture Conditions. Human astrocytoma
cell line SF-126 was derived from a 50-year-old female patient with a left

frontal glioblastoma multiforme and was the generous gift of Dr. Mark L.
Rosenblum, University of California-San Francisco. This permanent astrocy

toma cell line has been previously well characterized for its growth charac
teristics and antigenic expression (20). SF-126 does not express GFAP as

determined by immunocytochemistry and Western blot analysis (20). Astro
cytoma cell line U 251 MG, kindly received from Dr. Bengt Westermark.
Uppsala. Sweden, is a permanent astrocytoma cell line that expresses GFAP
over serial passages (4, 21, 22). The astrocytoma cell lines were grown as
monolayers and passaged weekly in a-MEM supplemented with W7c fetal calf

serum (Gibco, Grand Island, NY), 100 units/ml penicillin. 100 fig/ml strep
tomycin sulfate, and 0.25 ng/rnl Fungizone (all Gibco). The astrocytoma cell
lines were grown in a humidified environment containing 5% CO2 at 37Â°C.
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Expression Vector Construct. A cDNA probe for the entire coding se
quence of the GFAP gene was received from Dr. Bengt Westermark, Uppsala,
Sweden (23). pBabeNeo is a retroviral-based expression vector that carries the
Moloney murine leukemia virus long terminal repeat, and the gene for neo-

mycin resistance under control of the SV 40 promoter (24). The pBabeNeo
vector (gift of Dr. Linda Penn, Hospital for Sick Children, Toronto, Ontario,
Canada) was prepared as described previously (24). The GFAP cDNA was
ligated at cohesive ends into the EcoRl site of the pBabeNeo vector to yield
pBabeNeo:GFAP. Sense orientation of the cDNA insert was deduced from
electrophoretic analysis of Pstl restriction enzyme digestion fragments.

Astrocytoma Cell Transfection. Approximately 1.6 X IO7SF-126 human

astrocytoma cells were trypsinized in 0.25% trypsin (Gibco), pelleted in a
clinical centrifuge, washed in 5 ml of sterile Ca2+- and Mg2+- free PBS,
repelleted, and resuspended in sterile Ca2+- and Mg2+-free PBS. Astrocytoma

cells were then added to 20-^g sterile pBabeNeo:GFAP in a 0.45-cm electrode
gap electroporation cuvette (Bio-Rad, Richmond CA) and incubated on ice for

15 min. Specific eletroporation voltage and capacitance values required to
produce 50% cell death were determined and used. SF-126 astrocytoma cells

required 250 V and 500 mF for efficient transfection. Following electropora
tion, astrocytoma cells were incubated on ice for 30 min before 2 x IO6 cells
from a single cell suspension were plated onto 100-mm2 tissue culture dishes

(Corning, Coming, NY). Twenty-four h after electroporation, the sparsely
seeded and adherent astrocytoma cells were washed once with Ca2+- and

Mg2+-free PBS before 6 ml of a-MEM containing 600 fig/ml of G418 (Sigma,

St. Louis, MO) were added. Colony formation was observed over time by
phase microscopy. When individual colonies were comprised of 50-100 cells

(approximately 2 weeks postelectroporation), they were lifted separately from
the 100-mm2 plates with a P-200 micropipette tip (Starstedt, Montreal, Can

ada) under microscopic guidance. These colonies were then expanded as
separate clones of cells in G418-containing media in new tissue culture dishes.

Control transfections for all studies that follow include the transfection of the
pBabeNeo expression vector minus the GFAP cDNA.

Immunocytochemistry. Successfully transfected G418-resistant astrocy
toma clones were examined for GFAP expression by indirect immunofluores-

cence as described previously (19). Astrocytoma clones were grown and
stained in Lab-Tek 8-well chambers (Nunc, Naperville, IL). Cells were fixed in

a solution of methanol and ethanol (1:1) for 10 min. Nonspecific background
staining was eliminated by incubating the cells with nonimmune swine serum
(diluted 1:5; Dako, Santa Barbara, CA). Rabbit anti-cow GFAP antisera were
used as the primary antibody (diluted 1:100; Dako). Rhodamine-conjugated

swine anti-rabbit immunoglobulins were used as the secondary antibody (di

luted 1:32; Dako). Normal rabbit immunoglobulins (diluted 1:100; Dako) were

used as negative controls for each of the clones. U 251 MG astrocytoma cells,
which display an exuberant network of GFAP-positive intracytoplasmic cy-

toskeletal filaments, were used as positive controls. Fluorescence microscopy

was performed with a Leitz Orthoplan system microscope equipped for inci
dent-light immunofluorescence. The intensity of staining and the percentage of

cells that stained positively were recorded in each case. Negative controls were

examined for each astrocytoma clone.
Nucleic Acid Isolation. Successfully transfected, GFAP-immunoreactive

clones and GFAP-negative controls were expanded in tissue culture for DNA

and RNA extraction. For total genomic DNA, cells were washed in a solution
of 10 rriMTris-HCl, pH 7.6, 10 HIMEDTA, and 10 HIMNaCl, lysed in 2% SDS
(Bio-Rad), and treated with 100 fig/ml of proteinase K (Bethesda Research
Laboratories, Gaithersburg, MD) for 2-3 h at 50Â°Cwith continuous shaking.
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Fig. 1. A, stably transfected, G418-resistant astrocytoma control cell clone SF-126 N4 at subconfluence in monolayer culture, day 5. The astrocytoma cells are predominantly

polygonal- or spindle-shaped with high nucleancytoplasmic ratios. A colony of closely packed cells is seen. Phase microscopy, x 250. B, control cell clone, SF-126 N4, at early
confluence, day 10. The cells have retained their polygonal- or spindle-shaped morphology. The cell density is increased as the cells crowd and course in bundles across the field. Phase
microscopy, X 250. C, stably transfected GFAP-immunoreactive astrocytoma cells, SF-126 clone 10, at subconfluence in monolayer culture day 8. The cells are predominantly stellate
with a decreased nuclearcytoplasmic ratio. Several cells are extending cytoplasmic processes to neighboring cells (arrows). There is reduced colony formation. Phase microscopy, X
250. D, stably transfected GFAP-immunoreactive astrocytoma cells, SF-126 clone 10, in monolayer culture, at early confluence, day 15. The cells are polygonal, broad, and flat. There
is no cell crowding or piling-up of cells. The monolayer culture morphology of this clone is distinctly different from the control cell clone (A and B). Phase microscopy, X 250.
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DNA was then phenol :chloroform-extracted, ethunol precipitated, and resus-
pended in Tris-EDTA buffer.

Total cellular RNA from SF-126 astrocytoma cells and stably transfected

clones was extracted according to the method of Chomczynski and Sacchi (25)
using RNAzol (Tel Test, Inc., Friendswood, TX). Astrocytoma cells were lysed
directly in the tissue culture dishes by the addition of RNAzol (1.5 ml/3.5-cm

Petri dish). RNA was extracted with chloroform, precipitated with isopropanol,
and washed with 75% ethanol before dissolving RNA pellets in DEPC (Sig-
ma)-treated RNase-free Tris-EDTA.

The concentration of RNA/DNA in the astrocytoma cell cultures was de
termined by the 260/280 absorbance readings using a Spectronic 1001 Plus
spectrophotometer.

Southern Blot Analysis. Total genomic DNA (10 p.g) was digested with
HinMl, eletrophoresed into 1% agarose gels, and subjected to Southern blot

analysis. DNA was immobilized onto a Nytran membrane (Schleicher and
Schuell, Keene, NH) by capillary action (26), and then Stratalinked (Bio-Rad).
Nytran membranes were prehybridized in lux SSC, 2x Denhardt's, 100 HIM

Na2HPO4 (J. T. Baker, Phillipsburg, NJ), 500 ng/ml denatured herring sperm
DNA (Boehringer Mannheim, Mannheim, Germany), 0.5% SDS, and 50%
formamide (BDH, Toronto, Ontario, Canada) at 42Â°Cfor 4 h. The Nytran
membranes were then hybridized in the same buffer at 42Â°Covernight with 5.0
X lO^cpm of the GFAPcDNA probe radiolabeled by random primer extension

(27). Southern blots were then washed twice with 2X SSC, 0.1% SDS at room
temperature, once with 0.1X SSC. 0.5% SDS at 42Â°C.and once with 0.1X
SSC, 0.5% SDS at 55Â°Cbefore exposure to Kodak XAR film with intensifying

screens.
Northern Blot Analysis. For Northern blot analysis, 10 /ig of total cellular

RNA were electrophoretically separated in a 1.2% agarose/formaldehyde gel.
The gel was then capillary-blotted in 20x SSC onto Nytran. Random primed

(5.0 x IO6 cpm/ml) GFAP cDNA was added to a standard 50% formamide

solution after a minimum of 4 h prehybridization at 42Â°C.The membrane was

hybridized for 36 h before being washed under highly stringent conditions as
described above for the Southern blot analysis. The GFAP mRNA bands from

stably transfected astrocytoma cell clones were then semiquantitatively ana
lyzed by laser densitometry.

Astrocytoma Cell Proliferation Assay. To determine the effects of GFAP
gene expression on the incorporation of tritiated thymidine, 1 X 10'success

fully transfected GFAP-immunoreactive astrocytoma clones and controls were

seeded into each well of a 96-well. flat-bottomed Nunclon microtiter plate

(Nunc) and allowed to adhere overnight in a-MEM and 10% fetal calf serum.

The wells were then pulsed for 18 h with 0.01 fiCi of tritiated thymidine (New
England Nuclear Research Products, DuPont. Boston, MA) and incubated at
37Â°C.Cells were then trypsinized with 0.25% trypsin and harvested onto filter

discs using a multiple automated sample harvester. Filters were dried and
placed into scintillation vials along with 3 ml of Betafluor (National Diagnos
tics, Somerville, NJ). A scintillation counter (LS 8000; Beckman Instruments.
San Jose, CA) with a counting efficiency of 28% for the tritiated material

was used to count all samples. All experiments were performed in quadrupli

cate.
Soft Agar Assay. Stably transfected. GFAP-producing astrocytoma cells

and controls were tested for anchorage-independent growth in soft agar as
described previously (28). Briefly, I to 5 x 10' astrocytoma cells were sus

pended in 1 ml of 0.3% agar supplemented with 10% fetal calf serum and
layered over 1 ml of a similarly prepared 0.5% agar-medium basal layer in 35
X 10-mnr plastic tissue culture dishes (Nunc). All cultures were incubated at
37Â°Cin a humidified 5% CO2/95% air atmosphere without further feeding for

10-14 days before staining of the colonies for viability with 2-(4-iodophenyl)-

Fig. 2. Immunocytochemi
400. A. SF-126 N4 (control
clone 14 showing intermedia
(arrow). D, SF-126 clone 1
of the cytoplasmic staining i

al characterization of stably transfected SF-126 astrocytoma cell clones and control for GFAP immunoreactivity. Immunofluorescence microscopy, all x
howing absence of identifiable GFAP immunoreactivity. B. SF-126 clone 12 showing faint GFAP immunoreactivity among astrocytoma cells. C SF-126
e GFAP immunoreactivity. A number of cells are extending long, thin cytoplasmic processes that are positively identified with the anti-GFAP antibodies
howing high levels of GFAP immunoreactivity. Virtually all cells are positively immunostained with the anii-GFAP antibodies. The filamentous nature
apparent in many cells (arrows).
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3-(4-nitrophenyl)-5-phenyltetrazolium chloride (Sigma). Colonies greater than

40 firn were scored as positive and counted. All experiments were performed

in triplicate.

RESULTS

Isolation of Stably Transfected GFAP-producing Astrocytoma
Clones. Following the initial incubation period, during which trans-
fected SF-126 astrocytoma cells were selected in G418-containing

medium, a number of cell clones were isolated and expanded sepa
rately for their expression of GFAP by immunocytochemistry. Ulti
mately, we identified 5 cell clones (SF-126 clones 1,5, 10, 12, and 14)
that were GFAP immunoreactive, and one G418-resistant control cell
clone (SF-126 clone N-4, derived from transfection of astrocytoma
cell line SF-126 transfected with pBabeNeo vector minus GFAP
cDNA) that was GFAP-negative. These 6 cell clones were then ana

lyzed in detail for the effects of expression of the transfected GFAP
cDNA on SF-126 astrocytoma cell morphology, proliferation, and

growth in soft agar.
Morphological Alterations in GFAP-producing Astrocytoma

Cell Clones. Control SF-126 human astrocytoma cells (clone N-4)

grew as a monolayer of rapidly dividing tumor cells. Before conflu
ence, in the exponential cell growth phase, SF-126 clone N-4 cells
were polygonal- or spindle-shaped cells with a high nucleancytoplas-

mic ratio. Individual cells grew as colonies that joined others to form
a confluent monolayer. At confluence, SF-126 clone N-4 cells dem

onstrated marked cell crowding and a loss of contact inhibition (Fig.
1, A and B). At various loci, cells would pile up and be shed into
medium.

By way of contrast, SF-126 clones 1,5, 10, 12, and 14 grew as

stable monolayers of cells with a tendency toward contact inhibition
at confluence. Although there was some variability in morphological
features among these astrocytoma cell clones, in general all clones
were comprised of cells that demonstrated a reduction in the nucle-
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Fig. 3. Effect of GFAPcDNA transfection on SF-126 astrocytoma proliferation. When
compared to the control astrocytoma cell clone (SF-126 N4), all GFAP-producing astro
cytoma cell clones showed diminished uptake of tritiated thymidine. The diminished
uptake was greatest for SF-126 clones 1 and 14. and least for SF-126 clone 12. â€¢¿�SF-126
N-4; Z, SF-126 #1; CD.SF-126 #5; M. SF-126 #10; D. SF-126 #12; H, SF-126 #14.

ar:cytoplasmic ratio and ability to form colonies. Two principal mor
phological alterations were noted within these stably transfected
astrocytoma cell clones: before confluence, the astrocytoma cells
were frequently stellate, extending abundant, thin cytoplasmic
processes that formed lines of contact between a number of cells; at
confluence, the astrocytoma cells became polygonal, broad and flat.
There was no piling up of cells, and no cell crowding (Fig. 1, C and
D).

Immunocytochemical Characterization of Astrocytoma Clones.
The stably transfected SF-126 astrocytoma cell clones and control
were examined for GFAP immunoreactivity and rank-ordered on the
basis of the intensity of rhodamine-immunofluorescence into the fol
lowing groups: absent GFAP immunoreactivity (SF-126 clone N-4),
low GFAP immunoreactivity (SF-126 clones 5 and 12), intermediate
GFAP immunoreactivity (SF-126 clones 10 and 14), and high GFAP
immunoreactivity (SF-126 clone 1) (Fig. 2).

Effects of GFAP cDNA Expression on Astrocytoma Cell Prolif
eration and Growth in Soft Agar. When compared to control cell
clone SF-126 N-4, all stably transfected GFAP-producing SF-126

astrocytoma cell clones demonstrated diminished uptake of tritiated
thymidine in a standard monolayer assay (Fig. 3). The amount of the
reduction of tritiated thymidine uptake was greatest for SF-126 astro

cytoma cell clones 1 and 14 (43 and 31% of control, respectively), and
least for SF-126 astrocytoma cell clone 12 (81% of control).

Stably transfected GFAP-immunoreactive SF-126 astrocytoma cell

clones demonstrated marked reduction in colony formation in a soft
agar assay when compared to control cell clone SF-126 N-4. Whereas
SF-126 N-4 formed numerous large colonies in soft agar (Fig. 4), all
SF-126 astrocytoma clones demonstrated smaller and fewer colonies
than did SF-126 N4. Astrocytoma cell clone SF-126 1 demonstrated

the greatest reduction in number of colonies in soft agar (6% of
control) (Fig. 5).

Southern Analysis of Transfected Astrocytoma Cells. To ensure
that copies of the pBabeNeo expression vector had been stably inte
grated into the genome of the SF-126 astrocytoma cells posttransfec-
tion, we analyzed the hybridization of a 32P-radiolabeled GFAP cDNA

probe to //wi/III-digested genomic DNA derived from SF-126. SF-
126 clone N-4, and clones SF-126 1, 5, 10, 12, and 14. In support of
the integration of the pBabeNeo:GFAP construct into SF-126 genomic

DNA was the identification of several additional bands of varying
molecular weight among the stably transfected astrocytoma cell
clones, but not in the SF-126 parent cell line (Fig. 6).

Northern Analysis of GFAP mRNA Levels among Astrocytoma
Clones. Parent SF-126 astrocytoma cells and stably transfected
GFAP-negative astrocytoma cell clone SF-126 N-4 demonstrated a
very faint 3.5-kilobase mRNA band, suggesting minimal transcription

of the endogenous GFAP gene (Fig. 7). In contrast, all stably trans
fected GFAP-immunoreactive astrocytoma cell clones demonstrated a
strong and appropriately sized mRNA band for GFAP. By laser den-
sitometry, astrocytoma cell clone SF-126 1 demonstrated the greatest
amount of hybridization followed by (in order) SF-126 clones 10, 14,

5, and 12 (Fig. 7).
Correlation between GFAP Expression and Astrocytoma Cell

Growth. Having initially selected stably transfected SF-126 astrocy

toma cell clones for their GFAP immunoreactivity, we attempted to
correlate GFAP expression by these clones with changes in astrocy
toma cell growth (Table 1). In general, there was a good correlation
between expression of the GFAP mRNA and the immunoreactive
GFAP product. In addition, there was a partial inverse correlation
between the GFAP mRNA expression and astrocytoma proliferation,
and a good inverse correlation of GFAP mRNA expression and im
munoreactivity with growth of astrocytoma cells in soft agar.
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Fig. 4. Growth of stably transfected astrocytoma cells in soft agar, day 14 after seeding. A. SF-126 N4 astrocytoma cells showing numerous large and well formed colonies of
astrocytoma cells. B. SF-126 clone 12 showing many tumor colonies in soft agar. C, SF-126 clone 10 showing reduced numbers of astrocytoma colonies growing in soft agar. Note
central, asymmetrically large colony. D. SF-126 clone 1 showing virtual absence of tumor colonies. A solitary colony is seen amidst a background of single cells. For all. bar = 40

Â¡an.

DISCUSSION

We have stably transfected a GFAP-negative malignant human
astrocytoma cell line, SF-126, with an expression vector containing a

cDNA for the entire coding sequence of human GFAP and a selectable
marker. GFAP-immunoreactive SF-126 astrocytoma clones demon

strated marked alterations in cellular morphology when compared to
the control cell clone. In contrast to the control cell clone, which
readily formed colonies in monolayer and demonstrated marked cell
crowding and increased saturation densities, stably transfected GFAP-
immunoreactive SF-126 astrocytoma cell clones generally grew as

single cells, did not crowd at confluence, and had markedly decreased
nucleancytoplasmic ratios. The amount of GFAP mRNA expression
and immunoreactivity among stably transfected astrocytoma clones
tended to correlate inversely with astrocytoma proliferation and tum-

origenicity as determined by Undated thymidine and soft agar assays.
Thus, in this experimental cell system, the restoration of GFAP ex
pression to GFAP-negative human astrocytoma cells has affected tu

mor cell morphology, proliferation, and growth in soft agar.
GFAP is a M, 50,000 intracytoplasmic filamentous protein that

constitutes a portion of, and is specific for the cytoskeleton of the
astrocyte. GFAP is a member of the family of 8- to 10-nm intermediate

filaments that are found in virtually all cell types in higher eukaryotes
(29-31). The tissue-specific expression of the intermediate filaments

suggests that these proteins may play a role in specialized cell func
tions such as differentiation. GFAP shares considerable structural
homology with the other intermediate filaments in the central a-he-

lical or rod domain (29). In sharp contrast to this highly conserved
central rod domain, the amino- and carboxy-terminal regions of all

intermediate filaments have distinct amino acid sequences and widely
divergent structural features (29-31).

GFAP appears to stabilize the astrocyte's cytoskeleton and helps to

maintain astrocyte cell shape through interactions between GFAP
filaments, the nuclear membrane, and the plasma membrane (15, 32).
These interactions are presumably associated with a panoply of pu
tative intermediate filament-associated proteins (33). GFAP thus

forms a structural link between the nucleus and the plasma membrane.
This statement is further supported by immunoelectron microscopy
data that show abundant GFAP filaments at sites of contact between
astrocytic processes and neurons, endothelial, or leptomeningeal basal
laminae (34).

Data are emerging that are increasing our understanding as to how
GFAP is regulated in normal astrocytes. From a number of studies, it
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SF-126 ASTROCYTOMA CLONES

Fig. 5. Effect of GFAP gene transfection on the growth of SF-126 astrocytoma cells in
soft agar. In contrast to SF-126 N4 control cells, all GFAP-immunoreactive SF-126
astrocytoma cell clones demonstrate reduction in growth of colonies in soft agar. The
reduction in agar colonies was greatest for SF-126 clones 1 and 10. and least for clone 12.
â€¢¿�SF-126 N-4; 0, SF-126 #1; ffl, SF-126 #5; Â®,SF-126 #10; D, SF-126 #12; m.
SF-126 #14.

MCI 5 10 12 14

the entire coding region of the human GFAP gene, they found no large
genomic rearrangements of the GFAP gene in 5 astrocytoma cell lines
tested (41). However, the 5'- and 3'-flanking regions of the human

gene for GFAP and more distant upstream and downstream sequences
within the GFAP gene locus (17q21) have not been specifically as
sessed with targeted probes to rule out neighboring mutational
changes that could affect GFAP gene transcription in human astrocy-

tomas.
In our previous work, we showed that human astrocytoma cells

increased GFAP production when placed on extracellular matrix pro
teins derived from normal human leptomeningeal cells (18). In this
study, we were further able to determine through matrix component
substitution assays that collagen types I and IV were largely respon
sible for the growth retardation and differentiation effects observed in
this system. In another study, we showed that all-trans and 13-ci's

retinoic acid were effective in increasing GFAP expression in a dose-
dependent fashion in U 343 MG-A human astrocytoma cells (19).

Inasmuch as the vast majority of permanent cell lines derived from
human malignant astrocytomas do not express GFAP (20, 21, 42, 43),
and inasmuch as GFAP has been considered a reliable marker of
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Fig. 6. Southern analysis of SF-126 human astrocytoma cells after GFAP cDNA
transfection. Parent SF-126 astrocytoma cell line (Lane C) shows typical endogenous
GFAP gene band at 20 kilobases following restriction digest with Hind\\\ (large arrow).
All SF-126 clones (Lanes 1, 5, 10, 12, and 14) also demonstrate the endogenous GFAP
gene. However, in addition, these astrocytoma cell clones have bands at various molecular
weights (small arrows), suggesting random integration of the GFAP cDNA (and vector)
into the astrocytoma genome. The faintness of some of the identifiable integrated bands
in some cell clones suggests that multiple integrations of the GFAP cDN A per transfected
cell line may have occurred. Ume M, radiolabeled ÃŸs/fll-digested A.

is now clear that astrocytes regulate GFAP expression in response to
developmental and environmental clues. Early in neuroembryogene-

sis, astrocytes may synthesize vimentin instead of GFAP as their
primary intermediate filament (35-38). The switch to GFAP predom

inance occurs prenatally in human astrocytes by factors that have yet
to be elucidated. In vitro, cultured astrocytes modulate GFAP synthe
sis in response to cell density (32), composition of growth media (39),
and hormones that stimulate cAMP production (40).

The mechanism by which the malignant process alters GFAP pro
duction in astrocytomas is unknown. It is conceivable that the GFAP
gene in human astrocytomas may undergo a mutational change that
would alter its transcription. In one study, Reeves et al. (41 ) performed
a Southern blot analysis of astrocytoma-derived cell lines using a

cDNA probe to human GFAP. With their probe, which encompassed

Fig. 7. A, Northern analysis of SF-126 human astrocytoma cells before and after
transfection. Both the parent SF-126 cell line (iMne Cl) and the control transfected
SF-126 N4 cell clone (Lane C2 ) show virtual absence of mRN A for GFAP. However, the

other astrocytoma cell clones (Limes I, 5. 10. 12, and 14} all show variable mRNA for
GFAP (arrow). Equal amounts of total RNA (20 fig) were added to each lane. Markers as
shown (arrowheads). The banding patterns were then analyzed by laser densitometry (see
Table 1). fl. ethidium bromide-stained RNA gel prior to transfer and hybridization show
ing equivalent total RNA loading in all Â¡Mnes.

Table I Correlation between GFAP expression and SF-126 astroc\loma growth

CellcloneSF-SF-SF-SF-SF-SF-26

N-426

#126
#526
#1026
#1226

#14GFAPimmuno-

reactivity"-+-H-++++++Relative
GFAP

mRNAlevel''14516321522Tritiated

thymidine
uptake

(% control)1004359638131Soft
agar

(colonies/cm2)75548468133535325
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" Intensity of immunofluorescence: -, absent; +, low; ++, intermediate; +++, high.
'' Numbers derived from densitometric analysis of RNA blot autoradiographs.
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10.

12.

14.

17.

astrocytic differentiation, in the present study we sought to restore
GFAP expression to GFAP-negative astrocytoma cells. In one study,
Bongcam-Rudloff et al. (23) microinjected a retroviral expression

vector containing a GFAP cDNA to achieve transient expression of
immunoreactive GFAP in previously GFAP-negative U 343 MG as

trocytoma cells. Since we wished to study the effects of sustained
expression of GFAP on human malignant astrocytoma cells, we stably 6

transfected SF-126 astrocytoma cells with an expression vector con- 7.

taining a selectable marker. The mechanism by which the expression
of GFAP mRNA and protein affected astrocytoma morphology, pro- g
liferation, and anchorage-independent growth in our experimental cell

system remains speculative.
One possible mechanism is that the newly synthesized GFAP in our

stably transfected human astrocytoma cells created an important intra-

cytoplasmic scaffolding that stabilized the cytoskeleton of the astro
cytoma cell through interactions between GFAP, its associated inter-

mediate filament proteins, and the plasma and nuclear membranes (41,
44). Ongoing localization studies using immunoelectron microscopy
may help to determine whether this mechanism is tenable. A second 13.
possibility is that the unregulated expression of GFAP by stable trans
formants in our in vitro cell system was unphysiological and led to
diminished astrocytoma cell growth by physically disrupting enzy- 15.

matic pathways or cell cycle processes important for tumor cell
growth. However, in our study we specifically selected astrocytoma if,
clones with variable GFAP expression, and we showed that there was
an inverse relationship between the amount of GFAP expression and
astrocytoma cell growth. A third possible mechanism is that the
growth-inhibitory effects we observed post-GFAP transfection are the 18-
results of cw-acting gene dysregulation caused by the integration of

our vector into the astrocytoma genome at a growth control locus (45). 19.
However, since integration is a random phenomenon, and since all
stably transfected astrocytoma cell clones showed at least some 20.
growth inhibiton when compared to the control, an integration effect
per se seems unlikely.

To our knowledge, none of the known or suspected tumor suppres- 21.

sor genes currently under investigation encodes for an intermediate
filament of the cytoskeleton. It is possible, though, that the gene for
GFAP could act as a tumor suppressor gene in a manner analogous to 22.
the DCC gene, which has been mapped to chromosome 18q (46) and
which is commonly lost in colonie neoplasms. The DCC gene encodes
for a protein that is a member of the cell adhesion family of molecules
(47). Reduction in expression of the DCC gene in colorectal epithelial
cells is thought to lead to development of colorectal tumors through
alterations in normal celiiceli and/or cell:extracellular matrix interac
tions (46). In a manner analogous to the reduction in DCC expression
in the genesis of colorectal carcinoma, the loss of GFAP expression in
astrocytic cancers could conceivably lead to substantial alterations in 26-

the astrocytoma cytoskeleton, loss of important celiiceli interactions, 2?.
and reduced cytoadhesiveness (48).

Although the previously reported cytogenetic abnormalities within
human astrocytomas are unquestionably complex and multiple (4, 6,
49-52), in future studies, the identification of the cis- and /raÂ«s-acting 29.

factors that regulate GFAP gene transcription in astrocytic neoplasms 30
may provide important information about the pathogenesis of the
astrocytoma.

32.
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