Coexpression of Platelet-derived Growth Factor (PDGF)
and PDGF-receptor Genes by Primary Human Astrocytomas
May Contribute to their Development and Maintenance
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Abstract

The present studies investigated the expression of the two
PDGF genes (c-sis/PDGF-2 and PDGF-1) and the PDGF-re-
ceptor b gene (PDGF-R) in 34 primary human astrocytomas.
Northern blot analysis demonstrated the coexpression of the
c-sis/PDGF-2 protooncogene and the PDGF-R gene in all as-
trocytomas examined. The majority of the tumors also ex-
pressed the PDGF-1 gene. There was no correlation between
the expression of the two PDGF genes. Nonmalignant human
brain tissue expressed the PDGF-R and PDGF-1 genes but not
the c-sis/PDGF-2 protooncogene. In situ hybridization of as-
trocytoma tissue localized the expression of the c-sis and
PDGF-R mRNA’s in tumor cells. Capillary endothelial cells
also expressed c-sis mRNA. In contrast, nonmalignant human
brain tissue expressed only PDGF-R mRNA but not c-sis/
PDGF-2 mRNA. The coexpression of a potent mitogenic
growth factor protooncogene (c-sis) and its receptor gene in
astrocytoma tumor cells suggests the presence of an autocrine
mechanism that may contribute to the development and main-
tenance of astrocytomas. The expression of c-sis mRNA in
tumor cells but not in nonmalignant brain cells may serve as an
additional diagnostic criterion for the detection of astrocy-
tomas in small tissue specimen using in situ hybridization for
the detection of c-sis mRNA and/or immunostaining for the
recognition of its protein product. (J. Clin. Invest. 1990.
85:131-140.) Key words: platelet-derived growth factor « c-sis
protooncogene * PDGF-recept + PDGF and PDGF-receptor
genes « autocrine function ¢ in situ hybridization

Introduction

Astrocytomas are aggressive brain tumors that numerically
exceed all other primary intracerebral neoplasms (1). The ma-
lignant progression of astrocytomas is associated with de-dif-
ferentiation and the morphology of the most malignant form,
glioblastoma multiforme, has been likened to their embryonic
progenitor cells (2-5).
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The molecular events associated with the pathogenesis and
maintenance of astrocytomas are unknown. Data linking the
amplification and over-expression of certain protooncogenes
encoding growth factors or their receptors with specific human
tumors and patient survival time have been reported. For ex-
ample, amplification of N-myc in human neuroblastomas has
been correlated with the pathologic stage of the tumor (6), and
amplification of c-myc in advanced human lung cancer ap-
pears to be associated with shorter survival time (7). Recently,
it has been claimed that amplification of the HER-2/neu gene
correlates with a shorter time to relapse and lower survival rate
in women with breast and ovarian cancers (8). Furthermore,
amplification of HER-2/neu may identify a specific pathologi-
cal subset of breast carcinomas (9). Amplification and en-
hanced expression of the epidermal growth factor receptor
(EGF-R) gene in certain primary human brain tumors of glial
origin has been suggested to represent a particular feature of
these tumors (10). The presence of an amplified, highly ex-
pressed gene, called GLI, has been observed in a single human
malignant glioma (11, 12).

An important finding is that cultured astrocytoma cells
express the c-sis protooncogene (13, 14). This gene is homolo-
gous to the transforming gene of the simian sarcoma virus
(SSV),! which encodes the PDGF-2 chain of platelet-derived
growth factor (15-18). PDGF is a potent mitogen for cultured
cells of mesenchymal origin such as diploid fibroblasts, arterial
smooth muscle cells and brain glial cells (19). It consists of two
homologous polypeptide chains, one encoded by the c-sis/
PDGF-2 protooncogene localized in chromosome 22, and the
other (PDGF-1) encoded by a gene localized in chromosome 7
(20-23). Astrocytoma cells in culture also express the gene
encoding the PDGF-1 (A) chain of PDGF in addition to the
c-sis PDGF-2 oncogene (14, 22). Recent studies have demon-
strated the expression of the two PDGF genes and the PDGF
receptor (PDGF-R) gene in three primary human astrocy-
tomas (24). Normal astrocytes in culture express cell-surface
PDGEF receptors and are targets for the potent mitogenic ac-
tion of PDGF (25). However, these normal astrocytes do not
express the PDGF genes. Therefore, the inappropriate expres-
sion of genes encoding PDGF and the coexpression of PDGF-
R by astrocytes may represent important steps in the develop-
ment, proliferation and maintenance of the malignant astro-
cyte. This possibility is strengthened by the finding that the

1. Abbreviations used in this paper: EGF-R, epidermal growth factor
receptor; GFAP, glial fibrillary acidic protein; ISH, in situ hybridiza-
tion; PDGF, platelet-derived growth factor; SSV, simian sarcoma
virus.
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intracranial injection of SSV, carrying the v-sis oncogene
which encodes the PDGF-2 chain, can induce a high frequency
of gliomas in newborn marmosets (26).

The mitogenic action of PDGF is mediated through bind-
ing to specific cell surface PDGF-receptors. The receptor that
binds human PDGF and the c-sis/PDGF-2 homodimer has
been cloned from mouse and human fibroblasts (27, 28), and
is currently referred to as the b receptor (29, 30). This receptor
does not recognize the PDGF-1 homodimer which binds to a
separate a receptor (29, 30). This a receptor has been cloned
recently from human cells and was shown to bind to all three
PDGEF isoforms (31). The PDGF-R cited in these studies refers
to the b receptor that has a specificity for the c-sis/PDGF-2
homodimer and the human PDGF heterodimer.

In this study we present data on the co-expression of the
two PDGF genes and the PDGF-R gene in vivo, in 34 primary
human astrocytomas. Gene expression was investigated by
Northern blot analysis. Identification of the cells of origin ex-
pressing these genes was established by in situ hybridization
and immunochemical techniques.

Methods

Tissue collection. For Northern blot analysis tissues were collected
intraoperatively and were immediately snap frozen in liquid nitrogen
before being stored in a —80°C freezer. For in situ hybridization, tissue
specimens were immersed in ice-cold 4% paraformaldehyde and pro-
cessed as described below. Of the 34 tumors investigated in these stud-
ies, 27 were derived from patients with glioblastoma multiforme and 7
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Figure 1. Northern blot analysis for c-sis/PDGF-2, PDGF-1, and
PDGF-R(B) genes in primary human astrocytomas.
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Figure 2. Northern blot analysis for c-sis/PDGF-2, PDGF-1, and
PDGF-R(B) genes in primary human astrocytomas. Notice novel
PDGF-R transcripts in lanes 15 (3.2, 5.3, 7.2 kb), lane 19 (5.3, 7.2
kb), lane 21 (3.2 kb).

were from patients with anaplastic astrocytomas (Table I). Nonmalig-
nant human brain tissue was obtained from autopsies of two accidental
deaths and intraoperatively from three patients with seizures.

Northern blot analysis. Fragments of tissue were immediately
placed in ice-cold 4 M guanidinium isothiocyanate (Fluka Chemicals,
Buchs, Switzerland) before being homogenized by a Polytron (setting 6
for 45 s). After being centrifuged for 2 min at 1,000 rpm, the superna-
tant fluid was carefully layered on a cesium chloride cushion and
centrifuged (Beckman Instruments, Inc., Fullerton, CA) in an SW 50.1
rotor at 35,000 rpm, 20°C for 18 h. Total RNA was then extracted by
standard ethanol precipitation after phenol extraction. Aliquots of
RNA (25 ug) were heated at 95°C for 2 min in a solution containing
50% formamide, 6% formaldehyde and running buffer (20 mM
MOPS, pH 7.0, containing 5 mM sodium acetate, | mM EDTA). The
samples were electrophoresed at 35V overnight on 1% agarose gels
containing 6% formaldehyde and running buffer.

The RNA was transferred to Nytran nylon membranes (Schleicher
& Schuell, Inc., Keene, NH), using 10X SSC transfer buffer, and baked
at 80°C for 1 h in a vacuum oven. The membranes were then hybrid-
ized at 42°C for 16 h with 1 X 10° cpm/ml of random-primer labeled
(Amersham Corp., Arlington Heights, IL) cDNA probe, in a solution
containing 50% formamide (Kodak), 0.1% SDS, 5X SSPE, 5X Den-
hardt’s mixture and 200 ug/ml salmon sperm DNA (Sigma Chemical
Co., St. Louis, MO). After washing at 65°C with 0.1X SSC, 1% SDS,
the membranes were subjected to autoradiography at —70°C using
intensifier screens.
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Figure 3. Northern blot analysis for c-sis/PDGF-2, PDGF-1, and
PDGF-R(B) genes in primary human astrocytomas. Notice the ab-
sence of c-sis/PDGF-2 transcripts in normal brain tissue.

The cDNA probes for the present studies included c-sis/PDGF-2
(32); PDGF-1 (A) (22); the sis/PDGF-2-specific PDGF-R (27); f-actin
(33); and glial fibrillary acidic protein (GFAP) (34).

In situ hybridization (ISH). Fresh tumor tissue was fixed immedi-
ately after excision in ice-cold 4% paraformaldehyde for 2 h and then
was allowed to sink in 30% sucrose PBS overnight at 4°C to decrease
freezing artifacts. In situ hybridization utilizing 3°S-labeled, cRNA
probes for c-sis and PDGF-receptor was performed on 8-um frozen
sections according to the method of Hofler et al. (35). In some sections
in situ hybridization was followed by immunohistochemistry for
GFAP (Dako Corp., Copenhagen, Denmark). )

The specificity of the probes for in situ hybridization was controlled
by Northern blot analysis and by hybridization of serial sections with
noncomplementary RNA probes.

Immunocytochemistry. Tissues were prepared as described for ISH.
The tissue sections were hydrated in PBS, bleached with 0.3% H,O, in
methanol, and reacted with the appropriate antibody using the Vec-
tastain ABC Kit (Vector Laboratories, Burlingame, CA). The tissues
were then counterstained with hematoxylin, dehydrated, cleared, and
mounted. The specificity of the immunostaining was tested by replac-
ing the primary antibody with preimmune sera, which should lead to
negative results. The following specific antisera were used in these
studies: polyclonal antisera against recombinant c-sis/PDGF-2 homo-
dimer specific for the human PDGF heterodimer and PDGF-2 homo-
dimer but not the PDGF-1 homodimer (Institute of Molecular Biol-
ogy, Boston); PDGF-R antiserum raised against the synthetic polypep-
tide residue 958-980 of the cDNA sequence of Yarden et al. (kinase
region) (27). This region of the PDGF-R has no homology to other
known receptors.

Results

The results of gene expression by the primary astrocytomas are
shown in Figs. 1-3. RNA was extracted from 34 individual

primary human astrocytomas and was subjected to Northern
blot analysis, along with control RNA extracted from
U1240MG human astrocytoma cell line and from normal
human brain. The U1240MG astrocytoma cell line has been
shown previously to express the PDGF and PDGF-R genes.
To determine if the amount of RNA applied in each lane was
equivalent, the filters were rehybridized with a labeled B actin
probe, after washing, to remove the previous probe. Of the 34
samples analyzed, 4 were underloaded and they are not in-
cluded in Figs. 1-3. Only RNA sample 14 was degraded. In
addition, sequential hybridization to GFAP cDNA was per-
formed. GFAP is a glial-specific structural protein and serves
as a well-accepted marker for fully differentiated astro-
cytes (36).

Expression of the c-sis/PDGF-2 protooncogene. The c-sis
oncogene was expressed in all astrocytoma samples examined
(Figs. 1-3) including the four samples that were underloaded.
The degree of expression varied widely among the individual
tumors. The control normal brain tissue did not express the
c-sis/PDGF-2 protooncogene. This is consistent with the in

Table I. Histopathologic Classification of the Astrocytoma
Tumors Included in Figs. 1-3

Lane No. Classification Grade*

1 Glioblastoma 0

2 Glioblastoma 11

3 Glioblastoma 11

4 Glioblastoma 111

5 Glioblastoma 111

6 Anaplastic astrocytoma II/11I

7 Anaplastic astrocytoma I-11/111
10 Glioblastoma 1
11 Anaplastic astrocytoma II
12 Glioblastoma 111
13 Glioblastoma 11
14 (Degraded sample)
15 Glioblastoma 111
16 Glioblastoma it
17 Glioblastoma III
18 Anaplastic astrocytoma II/111
19 Glioblastoma III
21 Glioblastoma I
22 Anaplastic astrocytoma II
23 Glioblastoma 11
24 Glioblastoma 11
26 Glioblastoma I
27 Glioblastoma I
28 Glioblastoma 1
29 Glioblastoma I
33 Anaplastic astrocytoma II
34 : Glioblastoma 111
36 Glioblastoma 111
37 Anaplastic astrocytoma II/11
38 Glioblastoma III

* Graded according to the World Health Organization standards
(Zulch, K. J. Histological typing of tumors of the central nervous
system. International histological classification of tumors. No. 21.
Geneva: World Health Organization, 1979).
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situ hybridization data described below that demonstrated a
lack of expression of c-sis mRNA in the five specimens of
nonmalignant human brain.

Expression of the PDGF-1 (A) gene. The PDGF-1 gene was
expressed in 27 of 29 astrocytomas shown in Figs. 1-3. The
degree of expression varied among the samples tested, and it
was significantly weaker than the c-sis gene expression. This
necessitated a longer exposure time (10 d) during autoradiog-
raphy causing significant background expression of 18S and
28S RNA. In contrast, the exposure time for c-sis was only 24
h. The PDGF-1 gene expression appears to be independent of
the expression of the c-sis protooncogene.

Expression of the PDGF-R gene. The PDGF-R gene was
expressed by all astrocytomas tested. The intensity of the ex-
pression differed significantly among the individual astrocy-
toma tissues examined. An important finding was the identifi-
cation of novel PDGF-R transcripts of ~ 3.2 and 7.2 kb,
compared to the expected 5.3 kb transcript. These novel tran-
scripts were not present in RNA derived from the control
U1240MG cell lines (Fig. 3) or in RNA derived from primary
human meningiomas (36a). Studies in progress indicate that
the 3.2-kb receptor transcript which is predominant in lane 21
(Fig. 2) retains the receptor kinase region as judged by im-
munostaining of the tissue with antisera raised against the syn-
thetic peptide to the kinase region of the receptor.

Localization of PDGF and PDGF-R mRNA’s in astrocy-
toma and in nonmalignant brain tissues. Northern blot analy-
sis demonstrated the co-expression of the PDGF and PDGF-R
genes by primary human astrocytoma tissue. Localization of
the cells expressing these genes in the primary tissue was exam-

ﬁﬁ g

ined by in situ hybridization. As shown in Fig. 4, ISH demon-
strated the expression of c-sis/PDGF-2 mRNA in tumor cells
and in capillary endothelial cells as identified by light micros-
copy. For further cell identification, ISH in astrocytoma tissue
was combined with immunostaining using antibody to GFAP.
As shown in Fig. 5, c-sis mRNA (Fig. 5 4) and PDGF-R
mRNA (Fig. 5 B) were strongly expressed in tumor cells, in-
cluding dividing cells that were stained weakly by GFAP. This
is consistent with previous findings indicating that the more
primitive and anaplastic cells in astrocytomas express GFAP
weakly, or not at all (37, 38).

ISH in five nonmalignant brain tissues demonstrated a
strong expression of PDGF-R mRNA but not of c-sis/PDGF-2
mRNA. Fig. 6 presents an example of the expression of
PDGF-R mRNA (Fig. 6, A-B) in the astrocytes of nonmalig-
nant brain tissue, and the absence of c-sis mRNA expression
in the same tissue (Fig. 6, C-D). In this study we combined
ISH with immunostaining with GFAP antibody in order to
facilitate the recognition of the cell types expressing the
mRNA. However, this combined process of ISH and immu-
nostaining tends to decrease the sensitivity of mRNA detec-
tion. This becomes evident from the ISH data shown in Fig. 7
which demonstrate the strong expression of PDGF-R mRNA
in the nonmalignant brain tissue (Fig. 7, 4-B) and the absence
of c-sis mRNA expression in the same tissue (Fig. 7, C-D).
The data shown in Fig. 7 did not include the combined step of
immunostaining with GFAP, allowing for a more efficient de-
tection of mRNA. The specificity of the ISH data was con-
trolled with ISH of serial sections using noncomplementary
“sense”” RNA probes. These control data with the sense probes
did not demonstrate significant mRNA expression. These

Figure 4. In situ hybridization for c-sis in a primary human astrocytoma. Focal hybridization of 3*S-labeled, cRNA probe is observed over a
cluster of tumor cells (long arrow). Adjacent endothelial cells (short arrow) show much less hybridization (X 1,000).
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findings are consistent with those obtained by Northern blot
analysis which demonstrated the presence of PDGF-R but not
of c-sis transcripts in a normal brain tissue (Fig. 3). "
ISH failed to localize the PDGF-1 mRNA in astrocytoma
tissue due to a weak expression of this gene. This is consistent
with the Northern blot analysis data, which indicated a weak
expression of the PDGF-1 gene in astrocytoma tissue.
Expression of PDGF-like and PDGF-R-like proteins. Im-
munocytochemistry of astrocytoma tissue demonstrated the
expression of both PDGF-like and PDGF-R-like proteins,
using specific anti-PDGF-2 homodimer, and anti-receptor an-
tisera (Fig. 8, 4 and C). The specificity of these findings was
checked by preincubating the antisera with excess recombi-
nant PDGF-2 homodimer (50 ng) or the synthetic receptor
peptide (100 ng), which provided negative results (Fig. 8, B
and D). Control, nonmalignant brain tissue expressed only
PDGF-R-like but not PDGF-like proteins (data not shown).

Figure 5. Localization of c¢-sis and PDGF-
R(B) mRNA in a primary human astrocytoma
by in situ hybridization. Paraformaldehyde-
fixed frozen sections were hybridized with 35S-
labeled, cRNA probes for c-sis (4) or PDGF-
receptor (B) followed by immunohistochemi-
cal staining for GFAP. Hybridization of both
the c-sis and PDGF-R probes is seen over
tumor cells, some of which show mitotic fig-
ures (arrows). Processes from adjacent cells
demonstrate strong staining for GFAP while
faint GFAP reactivity is present in tumor cells
(X1,000).

Discussion

The present findings have demonstrated the coexpression of
the two PDGF genes together with the PDGF-R gene by a
large number of primary human astrocytomas. All of the 29
primary tumors included in our data expressed both the c-sis/
PDGF-2 protooncogene and the PDGF-R gene, and 27 of the
tumors also expressed the PDGF-1 gene. In situ hybridization
demonstrated a strong expression of c-sis mRNA in tumor
cells. Capillary endothelial cells in astrocytomas also expressed
c-sis mRNA. This is not surprising since neovascularization is
associated with astrocytomas and expression of the c-sis pro-
tooncogene by endothelial cells has been reported previously
(39, 40). A strong expression of PDGF-R mRNA was also
shown in the tumor cells. The expression of both c-sis and
PDGF-R mRNA'’s was accompanied by the expression of their
respective protein products as determined by immunohisto-
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chemistry. These findings suggest the presence of an autocrine
mechanism that involves the coexpression of a potent mito-
genic growth factor and its receptor. This coexpression may
contribute to the unregulated growth of the malignant astro-
cytes. A link between sis/PDGF-2 expression and transforma-
tion has been suggested to explain the ability of the SSV to
induce transformation in cell culture (16, 17, 41), and gliomas
in monkeys (26). Neoplastic transformation induced by the
v-sis oncogene was attributed to the constitutive expression of
a PDGF-like mitogen by the transformed cells causing sus-
tained, unregulated cell proliferation (41).

Nonmalignant brain tissue expressed only the PDGF-R
and PDGF-1 genes, but not the c-sis/PDGF-2 protooncogene.
Northern blot analysis of a single specimen and in situ hybrid-
ization of five specimens failed to recognize expression of c-sis
mRNA in normal cerebral cortex. Similarly, antisera against
the PDGF-2 homodimer also failed to detect the presence of
PDGF-like proteins in brain tissue. These data may indicate
that the c-sis mRNA is inappropriately expressed in astrocy-
toma tissue. This is consistent with in vitro findings that dem-
onstrated the inappropriate expression of c-sis mRNA in es-
tablished cell lines derived from human tumors such as glio-
blastoma, fibrosarcoma, and osteosarcoma (13, 14, 42). The
normal counterparts of these malignant cells are targets to
PDGEF action, expressing cell surface PDGF-R but not the two
PDGF genes. Recent studies in rat optic nerve have suggested
that PDGEF is crucial for controlling the differentiation of em-
bryonic glial progenitor cells and therefore for the control of
myelination in the developing central nervous system (43).

The PDGF-R gene was expressed by all astrocytoma sam-
ples studied together with normal cerebral cortical controls.
Northern blot analysis demonstrated the presence of novel
PDGF-R transcripts in several astrocytoma specimens. These
novel transcripts were both smaller (~ 3.2 kb) and larger
(~ 7.2 kb) than the normal 5.3 kb PDGF-R transcript. These
novel PDGF-R transcripts were not found in RNA derived
from primary human meningiomas (36a), or from normal and
malignant cell lines expressing the PDGF-R gene. The signifi-
cance of these transcripts is not known. It is possible that they
are associated with certain subclasses of astrocytomas. The
PDGF-1 gene was shown to be weakly expressed and thus the
unequivocal identification of its cells of origin by ISH was not
conclusive. The functional role of the PDGF-1 gene and its
distinct receptor gene in primary astrocytomas remains at
present unknown.

The present data suggest the presence of an autocrine
mechanism in primary human astrocytomas that may contrib-
ute to the growth and maintenance of these tumors. At the
same time our data indicate the possibility that the detection of
the c-sis/PDGF-2 mRNA in astrocytomas may serve in the
early diagnosis of these tumors. The ability to detect expres-
sion of c-sis mRNA by in situ hybridization, and its protein
product by immunostaining may provide a powerful tool for
early detection of the expression of this protooncogene in
small amounts of tissue obtained in stereotactic biopsies.
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