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Long-term culturing of brain cells from neonatal BD-IX rats after transplacental treatment with N-ethyl-
N-nitrosourea (ENU) results in malignantly transformed cells after a lag period of about 250 days. During
culturing, the brain cells undergo a sequence of morphological changes. We examined oncogene expression in
cultured cells from ENU-treated animals and found that transformed glioma cells differ from premalignant
glial cells by containing high levels of c-sis transcripts. We also report that the transformed cells synthesize
functional platelet-derived growth factor. Because glial cells have receptors for platelet-derived growth factor,
we propose that an autocrine mechanism plays an important role in ENU-induced brain tumorigenesis.

Administration of the carcinogen N-ethyl-N-nitrosourea
(ENU) to pregnant rats results in the development of malig-
nant gliomas in the offspring after a latency period of 200 to
300 days (14). By long-term culturing of brain cells from
neonatal rats after transplacental treatment with ENU, ma-
lignant transformation is also observed in vitro, after approx-
imately the same latency period (16). During culturing, the
brain cells undergo a sequence of morphological changes
which are similar to alterations found during in vivo
tumorigenesis. Thus, the contribution of specific oncogenes
to progression can be studied in an in vitro system that is a
faithful model of tumorigenesis in vivo (16). We examined
oncogene expression in cultured cells from ENU-treated
animals and found that transformed glioma cells differ from
premalignant glial cells by containing high levels of c-sis
transcripts.

Neonatal brain cells from normal rats and from animals
treated transplacentally with a single dose of ENU (75 ,ug/g
of body weight) were cultured by the method of Laerum and
Rajewsky (16), under conditions that select for glial cells.
Brains of newborn rats of one litter (6 to 10 per experiment)
were dissected aseptically, cut into fragments, and passed
through a stainless-steel grid. The resulting cells were cul-
tured in Dulbecco modified Eagle medium supplemented
with 10% heat-inactivated fetal calf serum. The cells from
untreated animals could be maintained in culture for periods
up to 400 days and were phenotypically normal (B21 cul-
ture). In contrast to untreated control cells, dissociated brain
cells from ENU-treated animals (B8 and B14 cells) trans-
formed in culture after a period of 250 days. Two cultures
from independently transformed cells were established,
B8.34 and B14.91. The transformed cells were able to grow
in soft agar, in contrast to premalignant stages of ENU-
treated cultures or control cultures. In addition, only the
transformed cells could be cultured in serum-free medium
and were tumorigenic in syngeneic rats. The tumors result-
ing from injected cells were histologically classified as
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gliomas. Phase-contrast micrographs of premalignant and
transformed cells are shown in Fig. 1.

Several markers were used to identify the cell type of the
brain cells cultured under these conditions. In indirect
immunofluorescence assays, the premalignant cells (from
ENU-treated animals) and normal cells (from untreated
animals) stained homogeneously positive with an antiserum
against glial fibrillary acidic protein, an intermediate filament
protein of glial cells (4). The cells were negative for
neurofilament expression, a marker for neuronal cells (27),
and negative for carbonic anhydrase and galactocerebroside,
both markers for oligodendrocytes (20). These cells thus
belong to the glial cell lineage.
The expression of oncogenes in normal and transformed

cells was studied by Northern blotting of poly(A)+ RNA,
followed by hybridization to several oncogene probes. Cel-
lular RNA was isolated by LiCl precipitation essentially as
described by Auffray and Rougeon (1). Total RNA was
enriched for poly(A)-containing RNA by two cycles of
oligo(dT)-cellulose affinity chromatography (18). Portions
(10 ,ug) of poly(A)+ RNA were subjected to electrophoresis
in formaldehyde gels and transferred to nitrocellulose filters
(18). Nitrocellulose filters were prehybridized for at least 4 h
at 63°C in 3 x SSC (450 mM sodium chloride, 45 mM sodium
citrate)-5 x Denhardt solution (bovine serum albumin, 1
mg/ml; Ficoll 400, 1 mg/ml; polyvinylpyrrolidone, 1
mg/ml)-dextran sulfate (10%) and subsequently hybridized
for 16 h at 63°C in hybridization mix with different probes.
The c-sis probe was a 1.7-kilobase BamHI fragment pre-
pared from a c-sis-containing cosmid clone (9) that was
radioactively labeled by nick translation (18). Filters were
washed three times in 3 x SSC-0.1% sodium dodecyl sulfate
(SDS) at 63°C and twice in lx SSC-0.1% SDS at 63°C.
Hybridization was detected by autoradiography for 3 days at
-70°C with Kodak XS-1 film and an Ilford intensifying
screen. The levels of c-myc, N-ras, and Ha-ras RNA did not
significantly differ between premalignant and transformed
cells (data not shown). However, a dramatic increase in the
expression of c-sis was observed. In the two transformed
cell cultures (B8.34 and B14.91), intense hybridization of the
sis probe to a 3.8-kilobase RNA was found (Fig. 2), whereas
in premalignant (B8.18 and B14.11) or in control (B21.20)
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derived growth factor (PDGF) (6, 26), a known mitogen for
glial cells (10, 21, 23), we next investigated whether the
transformed brain cells synthesized functional PDGF. An
antiserum specific for PDGF was kindly provided by C.-H.
Heldin (11) and used in radioimmunoprecipitation assays on
medium from metabolically [35S]cysteine-labeled trans-
formed B8 cells. B8 cells were grown to subconfluency at
37°C in Dulbecco modified Eagle medium supplemented with
10% fetal calf serum. Cells were then grown in serum-free
linolea medium (13) for 1 week with two medium changes
and then given 20 ml of cysteine-free RPMI medium supple-
mented with 1 mCi of [35S]cysteine (1,300 Ci/mmol;
Amersham Corp., Arlington Heights, Ill.). After incubation
for 36 h at 37°C, the medium was harvested and exposed to
50 ill of rabbit control serum. After incubation of the
medium for 20 h at 4°C, protein A-Sepharose (Pharmacia,
Uppsala, Sweden) was added (100 RI of packed beads), and
the mixture was incubated for another 2 h. The beads were
then collected by centrifugation, and the supernatant was
incubated with 50 pul of anti-PDGF serum (11). After incu-
bation for 20 h at 4°C, immune complexes were absorbed to
protein A-Sepharose. The beads were washed four times
with 0.5 M NaCl-0.01 M phosphate buffer (pH 7.4)-0.5%
bovine serum albumin-0. 1% Tween 80 and once with 10 mM
Tris hydrochloride buffer (pH 7.4). The beads were then
extracted with 100 pul of 3.6% SDS-80 mM Tris-hydrochl-
oride buffer (pH 8.8)-0.01% bromophenol blue and heated
for 3 min at 95°C. The supernatants were divided into two
equal portions, one of which was reduced by incubation with
10 mM dithiothreitol for 3 min at 95°C and analyzed by
SDS-gel electrophoresis with 14% polyacrylamide gels (15),
followed by fluorography.
Under nonreducing conditions, the antiserum precipitated
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-18SFIG. 1. Phase-contrast micrographs of premalignant and malig-
nant rat brain cells. (a) Secondary culture (day 70 in culture) of
premalignant flat epitheloid cells (B8.18). These cells are
nontumorigenic, do not grow in soft agar, and show a high serum
requirement. (b) Passage 13 of malignant cells. These cells are
tumorigenic and are able to grow in soft agar and in 0.5% serum.

cells expression of c-sis was undetectable. The blots were
hybridized afterwards with a probe for ot-tubulin, showing
that equal amounts ofRNA had been loaded on the gels (data
not shown). The rat c-sis transcript was approximately 0.4
kilobase shorter than the primate c-sis RNA, a difference
that was reproducibly found but for which we have no
explanation.

Since the c-sis gene encodes the B chain of platelet-

FIG. 2. c-sis transcripts in premalignant cells (B8.18 and
B14.11), control cells from untreated animals (B21.20), and malig-
nant glioma cells (B8.34 and B14.91), determined by RNA blot
analysis.
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FIG. 3. Immunoprecipitation of PDGF from medium condi-
tioned with malignant B8 cells after biosynthetic labeling with
[35S]cysteine. Immunoprecipitates were fractioned by electrophore-
sis on an SDS-polyacrylamide gel followed by fluorography. NRS,
Normal rabbit serum; kd, kilodaltons; DTT, dithiothreitol.

a 31-kilodalton protein, which, after reduction, migrated as a
diffuse band at 14 to 17 kilodaltons (Fig. 3). The sizes of
these proteins are characteristic for the dimer molecule of
mature PDGF (2). Since the antiserum used here was raised
against PDGF isolated from human platelets, we cannot
exclude the possibility that the precipitated protein is actu-
ally PDGF A2 rather than B2-
The presence of PDGF in the medium of the transformed

B8 cells was also detected in a mitogenic assay on NR6-6
cells, a 3T3 mutant lacking epidermal growth factor recep-
tors (permitting a selective assay for PDGF [25]). Malignant
B8 cells were grown in linolea medium (13), and the medium
was collected, dialyzed extensively against 1% acetic acid,
and subsequently lyophilized. The freeze-dried material was
dissolved in 1/10th of the original volume of linolea medium.
Monolayers of NR6-6 cells were grown in Dulbecco modified
Eagle medium containing 10% newborn calf serum in 24-well
plates. Cellular growth was arrested by changing the medium
for Dulbecco modified Eagle medium containing 1% new-
born calf serum in linolea medium. Then [3H]thymidine was
added (50 ,ul; 1 ,uCi per well), and after incubation for 5 h at
37°C, the monolayers were washed sequentially with 1 ml of
phosphate-buffered saline three times, with 1 ml of cold 10%
trichloroacetic acid twice, and with 1 ml of ethanol-ether
(2:1, vol/vol) twice. The trichloroacetic acid-insoluble mate-
rial was dissolved in 1 ml of 0.4 N NaOH for measurement of
incorporated radioactivity. Serum-free conditioned medium
from B8.34 cells stimulated incorporation of [3H]thymidine
into the cellular DNA of the NR6-6 cells in a dose-dependent
manner (Table 1).
Thus, in transformed glioma cells cultured from brain cells

treated in vivo with ENU, expression of c-sis and functional

TABLE 1. Growth factor activity in conditioned medium from
malignant glial cells

Addition to cultures of NR6 cells [3H]thymidine incorporation
(x 1O1 dpmnlwell)

Linolea medium ............. ......... 23 ± 4

Serum-free conditioned medium
1:5 .............................. 426 ± 42
1:10 .............................. 277 ± 41
1:20 .............................. 204 ± 24
1:40 ............................... 86 ± 20
1:80 ............................... 77 ± 14

10%7 newborn calf serum............... 69 ± 10

PDGF is markedly elevated compared with that in
premalignant cells. Glial cells have receptors for PDGF (12);
hence, the synthesis of this growth factor can generate an
autocrine loop (24), causing rapid cell proliferation. It is not
clear whether activation of c-sis is a direct consequence of
ENU treatment, i.e., whether the c-sis is structurally mu-
tated. By means of Southern blotting, we looked for gross
rearrangements of the gene, but none were found, nor could
we detect amplification. Structural changes could be exam-
ined more closely by molecular cloning of c-sis from trans-
formed cells, but in view of the fact that high expression of
normal c-sis is already capable of transforming cells (5, 8), it
would be difficult to discriminate the normal c-sis allele from
its possibly mutated counterpart.

Expression of c-sis and PDGF has also been observed in a
number of human tumor cell lines, including gliomas,
osteosarcomas, and fibrosarcomas (3, 7, 19). Interestingly,
in rat neuroblastoma induced by ENU, a unique transform-
ing oncogene has been detected: the neu gene (22), which is
related to erbB, whereas the erbB gene itself is activated in
human gliomas (17). It is at present not clear to us whether
the glioma cells that we studied also contain an activated
oncogene of the erbB family. If this is the case, the activation
of at least two oncogenes, sis and neulerbB, would be
implicated in ENU-induced transformation. It would be
interesting to correlate the sequential phenotypic changes
observed in culture and in in vivo tumorigenesis to the
successive activation of several oncogenes.
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