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ABSTRACT

Southern digests of DNA from 15 human connective tissue tumor-
derived cell lines (and cell strains) and from peripheral blood lymphocytes
from normal volunteers were prepared to compare structure of the ÃŸ-
platelet-derived growth factor receptor gene in normal and tumor-derived
cells. The tumor-derived samples had no alterations in gene structure,
nor was gene amplification evident. Two restriction fragment length
polymorphisms were detected within the (8-receptor gene. Expression of
the a- and ^-platelet-derived growth factor receptor was quantified using
Northern blots. Expression was not tumor-type specific. For example,
one rhabdomyosarcoma cell line expressed only the a-receptor, whereas
two others expressed the ii. In contrast, a human fibroblast cell strain
expressed both receptor types. Alterations in receptor expression may be
a result of the tumorigenic process.

INTRODUCTION

The PDGF6 is a protein composed of two polypeptide chains
(A and B) linked together by disulfide bonds (1-4). Polypeptide
homodimers (AA and BB) and heterodimers (AB) stimulate
cell replication (5-7). Autocrine production of PDGF causes
cell transformation (8-10). However, the isoforms of PDGF
differ in their transforming ability. Cells transfected with B-
chain constructs become transformed with high efficiency,
whereas cells transfected with A-chain constructs do not (7).

PDGF stimulates growth of a variety of connective tissue
cells, including fibroblasts, smooth muscle cells, and glia (II-
13). The ability to replicate in response to PDGF is controlled
at least in part by the presence of the PDGF receptors, proteins
with ligand-stimulatable tyrosine kinase activity (14). PDGF
receptors are found in connective tissue and glia but are lacking
in most epithelium and endothelium (15-18). Two receptors
have been identified (19-21). The /3-receptor binds the BB form
of PDGF with high affinity and the AB form with lower affinity,
whereas the a-receptor binds all forms with high affinity (20).
Chimeras of the A- and B-chains have been formed and a
minimal transforming region has been defined (22). Transfor
mation was shown to be associated with binding to the 0-PDGF

receptor (22).
Several cDNA clones of the a- and 0-PDGF receptors have

been isolated and the complete amino acid sequences have been
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deduced (23-26). The cytoplasmic domains of both receptors
have a high degree of nucleotide sequence homology, but the
extracellular ligand-binding domains do not. The cytoplasmic
domains of both have a consensus tyrosine kinase region which
is interrupted by an unrelated sequence. The human a-PDGF
receptor gene is found on chromosome 4q (26), while the ÃŸ-
receptor gene is on chromosome 5q, just upstream from the 5'
exon of the CSF-l-M receptor/c-/ms, a gene encoding a struc
turally similar receptor with tyrosine kinase activity (27). How
ever, although much effort has been devoted to cDNA sequenc
ing, the genomic structures of the human ÃŸ-and a-PDGF
receptors have not been determined.

Alterations in tyrosine kinase activity of growth factor recep
tors are associated with tumorigenesis. For example, mutations
and deletions of the genes for the EGF receptor and the CSF-
l-M receptor have generated the \-erbB and \-fms oncogenes,
respectively (28, 29). Both of these oncogenes encode proteins
with constitutively active (rather than ligand-stimulated) tyro
sine kinase activity. Overexpression of genes with tyrosine
kinase activity is also found in certain human tumors. Over-
expression of the EGF receptor gene (HER 7), often secondary
to gene amplification, has been reported in human gliomas (30,
31), gynecological tumors (32-34), and pancreatic tumors (35).
In certain gliomas the HER 1 gene is both amplified and
mutated, resulting in the Overexpression of a truncated EGF
receptor with constitutively active tyrosine kinase activity (36).
Similarly HER 2, a related gene, is often amplified and over-
expressed in human breast adenocarcinomas, a finding associ
ated with a poor prognosis (37).

Sarcomas and gliomas arise from normal connective tissue
and glial cells. One possibility is that Overexpression or altera
tion of the PDGF receptor in these cells contributes to tumor-
igenicity. Because binding of PDGF to the |8-receptor is corre
lated with transformation, the present study characterizes the
expression, gene number, and genomic structure of the /3-PDGF
receptor in tumor cell lines in comparison to their normal
counterparts. Expression of the a-receptor has also been
studied.

MATERIALS AND METHODS

Cell Lines. All cells were of human origin. The MG-63 (osteosar-
coma), U2-OS (osteosarcoma) A204 (rhabdomyosarcoma), A172 (glio-
blastoma), and G402 (leiomyoblastoma) cell lines were obtained from
the American Type Culture Collection. RD (rhabdomyosarcoma) was
a gift of Dr. R. McAllister and T131 (osteosarcoma) was a gift of Dr.
G. Todaro. Lines A1235 (glioma) and A1690 (glioma) were gifts of Dr.
H. Hubbell. The following strains were developed at Children's Hos

pital of Philadelphia: CW3-1E (rhabdomyosarcoma), CW7-1E, CW8-
2E, CW9-2E, and CW11-1E (all osteosarcomas), and CW12-1E (al
veolar rhabdomyosarcoma). All had been in culture for more than 9
months at the time of this study and had abnormal morphology: (a)
they did not grow in a uniform pattern and piled up in areas, (b)
multinucleate giant cells were present, and (c) karyorrhexis was evident.
All cells were maintained in the high glucose formulation of Dulbecco's
modified Eagle's medium supplemented with 10% bovine calf serum.
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In some experiments DNA was prepared from PBL, isolated by cen-
trifugation through Ficoll-Hypaque. DNA was also prepared from an
EBV-transformed peripheral blood lymphocyte cell line established
from patient CW12 (a gift of Dr. B. Emanuel).

Probes. Three overlapping 0-type PDGF receptor cDNA probes were
used (Fig. 1). Pst 500-2A3, a 751-base pair human cDNA clone
(nucleotides 1541-2291), was a gift of Drs. L. Claesson-Welsh and C.
Heldin. It begins in the extracellular domain and spans both the
transmembrane and first tyrosine kinase domains (24). PGR-102, a gift
of Drs. J. Escobedo and L. T. Williams, is an 1100-base pair murine
PDGF-R clone that extends from nucleotides 2130-3292 (23). It begins
at the 3' end of the first tyrosine kinase domain and spans both the

interkinase region and second tyrosine kinase domain. HK-6, also a
gift of Drs. J. Escobedo and L. T. Williams, is a 2.3-kilobase human
cDNA clone that contains 387 base pairs of the 3'-coding sequence and
the entire 3'-untranslated region (38). Three antisense oligomers (30-

mers) of the human Â«-PDGFreceptor were obtained using the sequence
reported by Matsui et al. (26). These probes (nucleotides 92-121, 1549-
1578, 3286-3315) did not show sequence similarity to the /3-PDGF
receptor. In certain experiments a 750-base pair human cDNA (nucleo
tides 2152-2909), a gift of Drs. L. Claesson-Welsh and C. Heldin, was
used to detect the Â«-PDGFreceptor transcript (24). The phosphoglyc-
erate kinase transcript was detected using a full-length human phos-
phoglycerate kinase cDNA clone, HPGK-7e (39, 40), a gift of Drs. U.
Reddy and D. Pleasure.

Northern Analysis. Total cellular RNA was isolated according to the
guanidinium isothiocyanate method of Chirgwin et al. (41), and
poly(A)* RNA was prepared by oligo-dT cellulose (Collaborative Re
search) column chromatography (42). Twenty Mg of poly(A*) RNA

from each cell line was size fractionated by 1% agarose/formaldehyde
gel electrophoresis and transferred onto an Optibind NC membrane
(Schleicher and Schuell). Membranes were hybridized to the cDNA
probes as described previously (43) with the exception that prehybridi-
zation and hybridization were performed at 65Â°Cin 0.5% nonfat dry

milk in 5x SSC (IX SSC is 0.15 sodium chloride-0.015 M sodium
citrate) which had been previously treated with 1% diethylpyrocarbon-
ate (44). The filters were hybridized to the cDNA inserts which had
been purified by electrophoresis through agarose and labeled to specific
activities of 2-6 x 10s cpm/^g DNA using the random primer extension

technique (45). The filters were washed as indicated in the figure legends
and autoradiography was done at -70Â°C using intensifying screens.

The oligonucleotide probes were end-labeled using polynucleotide ki
nase (46). Prehybridization was performed as described above. Hybrid
ization was performed as described previously (47) for 16 h at 60Â°Cin

0.5% nonfat dry milk, and 5x SSC. The filters were then washed in
0.5% nonfat dry milk and 5x SSC twice for 15 min at 10Â°C,once at
60Â°Cfor 5 min, and twice for 15 min at 10Â°C.

Southern Blot Analysis. Cells were lysed in a solution of 10 ITIMTris
(pH 8.0)-1 HIMEDTA-100 mM NaCl containing 1% SDS and treated
overnight with 100 Â¿ig/mlproteinase K. The samples were extracted
with phenol/chloroform and the high molecular weight DNA was
precipitated by addition of isopropanol. Genomic DNA was also iso
lated from peripheral blood mononuclear cells of normal human con
trols using the above procedure. The DNA samples (15 /ig) were
digested with various restriction enzymes, size fractionated on 1.2%
agarose gels, and transferred onto nitrocellulose or Optibind NC
(Schleicher and Schuell) membranes. The membranes were prehybri-
dized and hybridized to the plasmid probes as described above.

RESULTS

Southern Analysis. Overlapping cDNA probes of the 0-PDGF
receptor were used in this study. They extend from the 3'

portion of the extracellular receptor domain and continue
through to the end of the 3'-untranslated region. The position

of these probes and their relationship to the structure of the ÃŸ-
receptor and its cognate RNA are shown in the cartoon at the
base of Fig. 1. To characterize the 3' portion of the /3-PDGF
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Fig. l. Southern blot of the cytoplasmic domain of the f)-PDGF receptor gene.
DNA (15 >ig) from four human tumor cell lines (MG-63, A1235. A1690, A172)
and from one peripheral blood lymphocyte sample (PBL-1) were digested as
indicated. The Southern blot was hybridized at 65Â°Cand washed under high
stringency with 0.2 x SSC-0.1% SDS at 50'C for 90 min. The structure of the

PDGF receptor cDNA and protein are also shown. Right ordinate, kilobases.
Wavy lines, 5'- and 3'-untranslated regions; closed box, transmembrane region;
hatched boxes (TK-1 and TK-2), interrupted tyrosine kinase domain. The extra
cellular domain of the receptor is at the 5' end to the left of the transmembrane

region. The positions of the overlapping cDNAs used to probe this blot are shown.

receptor gene and to define gene amplification and/or potential
gross structural abnormalities in tumor cell lines, normal hu
man DNA was compared with DNA derived from several tumor
cell lines. DNA from PBL from a normal donor and from five
human tumor cell lines was cut with Bgtl, Sad, or Ac/I and
analyzed on a Southern gel. Each digest was probed with a
mixture of the three overlapping /3-PDGF receptor cDNA
clones. Genomic DNA from the PBL and the tumor cell lines
had a similar pattern on the Southern blots (Fig. 1). There was
no evidence of /3-PDGF receptor gene amplification or gross
structural alterations in the five tumor cell lines shown in Fig.
1 or in eight others.

Bands of 2.2, 2.8, and 8.6 kilobases were identified when
Ã„c/1-digested DNA was hybridized simultaneously to the three
cDNA probes shown in Fig. 1. In separate experiments the
probes were used individually (data not shown). Two fragments
of identical size, 8.6 kilobases, were identified by (a) the probe
encoding the transmembrane domain and (b) the probe of the
3'-untranslated region. Because these probes did not overlap,

four Ac/I fragments (2.2, 2.8, 8.6, and 8.6 kilobases) which
spanned 22 kilobases of the gene were identified. A restriction
endonuclease map was generated by hybridizing these probes
individually or in combination to various restriction endonucle
ase (Ac/I, Bgtl, and SacI) digested DNA samples (Fig. 2). This
technique allowed us to infer the presence of at least eight exons
within the region of the 0-PDGF receptor gene covered by the
three cDNA probes.
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Fig. 2. Partial genomic organization of the /J-PDGF receptor gene. The
organization of the PDGF receptor cDNA and protein are as depicted in Fig. 1.
The positions of exons are numbered and related by the broken lines to the
structure of the cDNA. Restriction endonuclease sites for Sac I (S), Bgl\ (Bg), and
Ben (Be) are shown. Asterisk, RFLP sites defined in this paper.
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Fig. 3. Presence of a Bgl\ RFLP in the 3' end of the human 0-PDGF receptor

gene. DNA (l S ng from three peripheral blood lymphocyte samples) was digested
with fig/I. The Southern blot was hybridized at 65'C with the probe shown and
washed under high stringency with 0.2 x SSC-0.1% SDS at 65'C for 90 min.

The positions of bands characteristic of alÃelesA and B are shown. Right ordinate,
kilobases.

3'-Restriction Fragment Length Polymorphism. A RFLP was
noted when human genomic DNA was probed with the 2.3-
kilobase cDNA fragment encoding the 3'-untranslated region

of the mRNA. Fig. 3 shows the restriction pattern when PBL
from three unrelated normal individuals was cut with Bgll. A
single 3.1-kilobase band was present in alÃeleA. This band was
cleaved to fragments of 2.4 and 0.7 kilobases in alÃeleB. In
both alÃelesA and B, there were invariant bands at 2.8 and 0.7
kilobases. Because of the presence of the invariant 0.7-kilobase
fragment in both alÃelesA and B, the density of the 0.7-kilobase
band in alÃeleB, which contained both the variant and invariant
fragment, was twice that of alÃeleA. The frequency of each
alÃelewas determined by restricting DNA from PBL of 18
Caucasian individuals. The frequency of alÃeleA was 0.53 and
alÃeleB was 0.47. A similar frequency was noted when DNA
from tumor cell lines was studied.

To study inheritance, a family was found in which the father
was homozygous for the alÃeleA and the mother was homozy-
gous for the alÃeleB. As expected two of their children were
AB hÃ©tÃ©rozygotes(Fig. 4).

5' RFLP. An additional RFLP was noted in Sacl-digested

DNA using the probe that encompassed the transmembrane
region and first tyrosine kinase domain (Fig. 5). AlÃeleA had a
2.3-kilobase fragment, which was cleaved to a 2.0- and 0.3-
kilobase fragments in alÃeleB. In addition there was an invariant
fragment at 1.3 kilobases. To determine the RFLP frequency,
DNA was obtained from the peripheral blood lymphocytes of
24 normal Caucasian individuals. The frequency of alÃeleA was
0.12 and alÃeleB was 0.88. Thus, the predicted frequency of a
BB homozygote is 0.77, an AB hÃ©tÃ©rozygoteis 0.22, and an
AA homozygote is 0.01. It was surprising that two tumor cell
lines (A 1690 and U2-OS) were AA homozygotes (Fig. 5) of 12
studied. Thus, the frequency of the AA homozygote in the
tumor cell lines was 0.17, approximately 10-fold higher than
expected.

Northern Gel Analysis. Poly(A)+ RNA from eight tumor cell

lines and from GM498 dermal fibroblasts was analyzed by
Northern blotting to characterize PDGF receptor expression.
The blots were hybridized to a mixture of the three /3-PDGF
receptor probes under nonstringent conditions (Fig. 6A). The
probes hybridized strongly to a 5.7-kilobase band in the GM498
fibroblasts and in the A1690, CW3-1E, CW8-2E, A172, and
CW9-2E tumor-derived cells. It appeared that this band was ÃŸ-
PDGF receptor RNA because it was also detectable when
hybridization was done under stringent conditions (data not
shown). The expression of the 0-PDGF receptor RNA was not
appreciably greater in the tumor cells than in the fibroblasts.
The probe also hybridized to a 6.4-kilobase RNA species. In
the A1235 and A204 cell lines only this band was detectable.
The other cell lines including the GM498 fibroblasts and the
CW3-1E, CW8-2E, CW9-2E, and G402 tumor-derived cells
displayed both the 6.4- and 5.7-kilobase species. The G402 cells
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Fig. 4. Inheritance of Bgll RFLP alÃelesin a human kindred. Conditions of
digestion and hybridization were as described in Fig. 3. The positions of bands
characteristic of alÃelesA and B are shown. Right ordinate, kilobases.
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Fig. 5. Presence of a Sac\ RFLP near the coding region for the transmembrane
domain of the human rf-PDGF receptor gene. DNA (15 ng) from two tumor cell
lines (U2-OS and A1690), six peripheral blood lymphocyte samples from normal
volunteers, and an EBV-transformed lymphoblast cell line (CW12-NL) from
CW12, a patient bearing an alveolar rhabdomyosarcoma, was digested with Sac\.
The Southern blot was hybridized at 65Â°C,hybridized with the probe shown, and
washed under high stringency with 0.1 x SSC-0.1% SDS at 65'C for 90 min.

The positions of bands characteristic of alÃelesA and B are shown. Right ordinate,
kilobases.
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Fig. 6. Expression of fi- and Â«-PDGF receptor itiRNAs in normal human
fibroblasts and human tumor cell lines. Poly(A)* RNA (20 Mg)from human tumor

cell lines and from GM498 fibroblasts was size fractionated. The Northern blot
was first hybridized to a mixture of the three /j-PDGF receptor probes and washed
under low stringency with 2 x SSC-0.1% SDS at SOT for 90 min (A). The probe
was eluted and the filter hybridized to the Â«-PDGFreceptor oligonucleotides (A)
followed by a phosphoglycerate kinase probe (C).

had predominantly the 6.4-kilobase band. The larger band
appeared to be the a-PDGF receptor transcript because it was
present in the A204 cells. This cell line has previously been
shown to express only the a-PDGF receptor mRNA (26). The
synthesis of a-receptor mRNA was confirmed by eluting the ÃŸ-
receptor cDNA probes and hybridizing the blots to oligonucle-
otide probes specific for the a-receptor transcript (Fig. 6B).
The G402 cells were found to accumulate approximately 3-fold
more a-receptor transcript than nontransformed GM498 cells.

It was confirmed that similar amounts of G402 and GM498
RNA were applied to the gel by removing the oligonucleotide
probes and hybridizing the blot to a phosphoglycerol kinase
probe (Fig. 5C). A summary of receptor expression in tumor-
derived cell lines is given in Table 1.

DISCUSSION

The present study characterizes the genomic structure and
expression of the PDGF receptor in human connective tissue
tumor cell lines. This study was undertaken because abnormal
ities in receptor expression and/or structure-function may play
a causative role in tumorigenesis. Detailed analysis was made
of the /3-PDGF receptor because association of PDGF with the
ÃŸ-receptoris a prerequisite for transformation (22).

The expression of the PDGF receptor mRNA was character
ized in cell lines and cell strains derived from 15 connective
tissue tumors. Connective tissue tumors were chosen for study
because their normal counterparts express the PDGF receptor
and are mitogenically responsive to the ligand. All of these
tumor-derived cells expressed PDGF receptor mRNA (Table
1). Three expressed both a- and 0-receptor transcripts, but the
majority expressed either one or the other. In contrast, a normal
human fibroblast cell strain, GM498, which displays a mito-
genie response to PDGF, expressed both a- and 0-receptor
mRNA. The reason for the discrepancy in receptor expression
between normal and tumor-derived cells requires further study.
A likely possibility is that connective tissue tumor cells have
lost the requirement for expression of both types of PDGF
receptors. Alternatively, the normal precursor of these tumor
cells, and thus the tumor cells themselves, may express only
one receptor type or the other. There is evidence against the
latter possibility, however. For example, one glial tumor
(A 1235) expresses only a-receptor RNA, whereas two others
(A 1690 and A172) express only ÃŸ(Table 1). Furthermore,
A204, a rhabdomyosarcoma, does not express the 0-receptor,
whereas two other rhabdomyosarcomas, RD and CW3-1E, do.

Northern gel analysis did not reveal any structural abnor
malities in the tumor-derived receptor RNA. However, this
type of analysis would not detect small deletions or point
mutations in the receptor mRNAs, so the possibility still exists
that small changes, which may alter receptor function (e.g.,
ligand binding, tyrosine kinase activity, tyrosine kinase sub
strate recognition), are present. Many of the tumor-derived cell
lines had decreased expression of the a- and 0-receptor com
pared to the normal GM498 fibroblast controls. In no case was

Table 1 PDGF receptor mRNA expression in tumor-derived cell lines

PDGF receptor mRNA
expression

CelllineMG-63U2-OST131CW7-1ECW8-2ECW9-2ECW1I-1EA172A

1235A
1690A
204RDCW3-1ECW12-1EG402TumorOsteosarcomaOsteosarcomaOsteosarcomaOsteosarcomaOsteosarcomaOsteosarcomaOsteosarcomaGliomaGliomaGliomaRhabdomyosarcomaRhabdomyosarcomaRhabdomyosarcomaAlveolar

rhabdomyosarcomaLeiomyoblastomaÂ«-Receptor+NDÂ°NDND+++â€”+â€”+ND+â€”+/3-Receptor++++++ND+_+â€”++++

' ND, not determined.
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the /3-receptor mRNA overexpressed, and Southern analysis
revealed no amplification of ÃŸ-receptorDNA. However, a ca
veat is in order. Tumor-derived cell lines and cell strains were

studied and not the original tumor. It is possible that amplified
DNA within double minute chromosomes is lost during passage
in culture. The a-receptor was found to be approximately 3-
fold overexpressed in the G402 cell line, but it is not known
whether this relatively small amount of overexpression contrib
utes to tumorigenicity.

The present study also characterizes, in part, the genomic
structure of the cytoplasmic domain and the 3' portion of the

extracellular domain of the human /3-PDGF receptor gene.
Restriction endonuclease analysis of 23 kilobases of /3-receptor
DNA has demonstrated the presence of eight exons and has
defined two RFLPs. The number of exons in the cytoplasmic
domain determined by this study should be taken as a minimal
figure because small exons might not be recognized using
restriction enzyme analysis. Recently, Roberts et al. (27) found
that the 3' terminus of the human 0-receptor gene lies only 500
base pairs upstream of the 5' exon of the c-fms/CSF-l receptor
gene. As in the present study no intron was found in the 3'-
untranslated region of PDGF-0-receptor gene. Analysis of the

position of intron donor and acceptor sequences of three intron
exon borders of the /3-PDGF receptor and comparison to three
similarly placed exons of the c-fms gene suggested that both
genes have a similar structure and have arisen by duplication
of a common precursor. In such a case the /3-PDGF receptor
gene, like the c-/ws/CSF-l receptor gene, would be expected to
have 23 exons.

Two RFLPs were discovered within the /3-PDGF receptor
gene using Bgft and Sad. Each alÃeleof the Bgl\ RFLP has a
frequency of about 0.5 in the general population, and inherit
ance has been demonstrated in a kindred. By contrast the
frequency of the alÃelesof the Sad RFLP are skewed. The A
alÃelehas a frequency of only 0.12 in the Caucasian population.
Thus, AA homozygosity should be an unusual finding. How
ever, it was found that AA homozygosity of the Sad RFLP was
found in a 10-fold higher number of tumor samples than would
be expected from the frequency of RFLP A in the Caucasian
population. One possibility is that the inheritance of both A
alÃelesof this RFLP is associated with a disposition to having
connective tissue tumors. However, this finding was noted with
a limited tumor database using cell lines and must be confirmed
with a larger sample size using fresh tumor specimens. We are
currently evaluating its significance.
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