bivores rather than artificially induced
damage is also preferable. The induction
that we describe produced large reduc-
tions in the populations of herbivorous
mites. For the most part, other investiga-
tors considered only plant changes or, at
most, the impact of induced changes on
bioassays measuring insect perform-
ance, rather than the impact on herbi-
vore populations. The induced changes
that we describe did not dissipate for at
least 12 days.

The finding that mites can induce
resistance to subsequent herbivory is
potentially of great importance in pest
and disease control. It may be possible
to inoculate a plant against various herbi-
vores and pathogens. A more thorough
understanding of the mechanism and
specificity of the induced resistance
should allow facilitation of a practical
inoculation.

RiCHARD KARBAN
JAMES R. CAREY
Department of Entomology,
University of California, Davis 95616
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Simian Sarcoma Virus-Transformed Cells Secrete a Mitogen
Identical to Platelet-Derived Growth Factor

Abstract. Normal rat kidney (NRK) cells transformed by simian sarcoma virus
(SSV) release into the culture medium a biologically active mitogen with properties
identical to those of human platelet-derived growth factor (PDGF). Like PDGF, the
growth factor derived from SSV-NRK cells was shown to be stable to heat and
sensitive to reducing agents. It was capable of inhibiting binding of labeled PDGF to
the receptor on human fibroblasts. It also stimulated the phosphorylation of the
same membrane protein (185 kilodaltons) in isolated plasma membranes from
human fibroblasts. Immunoprecipitation of metabolically labeled proteins released
by SSV-NRK cells showed that a 34-kilodalton protein was specifically precipitated
by antiserum to PDGF. Upon reduction, this protein had a molecular size of 17
kilodaltons. PDGF has been shown to consist of two 14- to 18-kilodalton proteins

linked by disulfide bonds.

Investigations of human platelet-de-
rived growth factor (PDGF), a potent
mitogen for mesenchymal-derived cells
(1), have provided insight into the mech-
anism by which the v-sis oncogene of the
simian sarcoma virus brings about cell
transformation. PDGF represents the
major growth factor activity in human
serum and normally circulates stored in
the a-granules of platelets (2). PDGF has
been isolated and characterized from se-
rum (3), platelets (4, 5), and platelet-rich
plasma (6). Elucidation of the amino-
terminal amino acid sequence of PDGF
has shown that it consists of two ho-
mologous polypeptide chains (PDGF-1
and PDGF-2) linked by disulfide bonds
(7). Computer analysis of the partial se-
quence of PDGF revealed a homology
with the transforming gene product
p28*% of the simian sarcoma virus (SSV)
(8), an acute transforming retrovirus of
primate origin (9, 10), implying that the
two proteins arose from the same or
closely related genes. This relation has
been confirmed by others (/1). More
recent studies (/2) have shown that
p28°* and PDGF show antigenic similar-
ities and a common structural configura-
tion.

These studies provided a basis for
understanding the process by which the

v-sis gene induces cell transformation,
apparently involving the constitutive
expression of a PDGF-like protein.
However, it is not yet known whether
the action of the v-sis product is mediat-
ed through an extra- or intracellular sig-
nal. The extracellular signal would re-
quire the release of the gene product into
the extracellular space with subsequent
binding to specific cell membrane recep-
tors in a manner similar to that estab-
lished for PDGF. We now report that
SSV-transformed cells release a biologi-
cally active mitogen that has properties
similar to those of human PDGF.

The conditioned medium obtained
from SSV-NRK (normal rat kidney) cells
stimulates the incorporation of [*H]thy-
midine into quiescent BALB/3T3 cells
(clone A31) (4) (Table 1). When approxi-
mately 50 pl of conditioned medium was
concentrated to one-fifth of its original
volume, the activity of the concentrate
was similar to that of 5 ng of pure PDGF.
Conditioned medium obtained from un-
transformed NRK cells did not exhibit
significant activity. The heat stability
and sensitivity to reducing agents of the
SSV-NRK mitogen and PDGF were
compared (Table 1). Both the SSV-NRK
mitogen and PDGF retained 90 percent
of their activity after being boiled for 10



0.
A B e e C
" @ 0.4 -
oWe o . . g
5 ettt Ses e
€~ ' e B £ = 2 o
22 o,L § % 5_,, 33 202 Sy
o4 - g 3 >
¥ © 0.1 I
‘{;w ® % 5 —92 GO b o
oo il 2 P e
o - 0 30 60 90 120
= =88 Ui v 1285
© o %2a e - l-labeled PDGF bound
32 005} T 2o (fmole per 108 cells)
of - - - Bo 03—
So _ T B e
5 0 = o :
iE s D\B\ g R
o = Lr i N
g - 45 et k)
0 1 | 1 (s [ S o
1 2 3 0.1 0.5 1.0 5§ 10 50 100 500 1000
Incubation time at 37°C Unlabeled PDGF added (ng)
(hours)

Fig. 1. Interaction of the SSV-NRK mitogen with the cellular PDGF receptor. (A) Inhibition of the binding of '**I-labeled PDGF to GM-10 human
diploid fibroblasts by medium conditioned with SSV and by unlabeled PDGF. (O) lodine-125-labeled PDGF alone; (®) binding in the presence of
50 pl of medium conditioned with concentrated (one-fifth volume) SSV-NRK per well; (A) binding in the presence of 5 ng of unlabeled PDGF per
well. (B) Stimulation of PDGF-dependent membrane protein kinase activity by medium conditioned with SSV-NRK. Phosphorylation reactions
were carried out in the presence of 20 or 60 pl of medium conditioned with concentrated (one-tenth volume) NRK (lanes a and b), 20 or 60 .l of
medium conditioned with concentrated SSV-NRK (lanes ¢ and d), or 5 ng of purified human PDGF (lane e). (C) Analysis of binding of '**I-labeled
PDGF to NRK cells (®) and SSV-transformed NRK cells (O) (18).

minutes but were completely inactivated
by reduction with 2-mercaptoethanol.
Both results are identical to those report-
ed for PDGF (3-5).

A series of experiments was then per-
formed to determine whether the SSV-
NRK mitogen could interact with the

Table 1. Properties of the mitogenic activity
released by SSV-transformed and normal
NRK cells. In experiment 1, serum-free medi-
um conditioned by SSV-transformed NRK
cells (SSV-NRK) or normal NRK cells was
collected, concentrated to one-fifth of its orig-
inal volume, and then tested for its ability to
stimulate acid-insoluble [*H]thymidine incor-
poration into quiescent BALB/3T3 cells (25).
In experiment 2, both concentrated SSV-
NRK and purified human PDGF were heated
at 100°C for 10 minutes or reduced with 10
percent 2-mercaptoethanol by volume and
assayed for mitogenic activity (4).

[*Hlthymidine
incorporation
(10° count/min)

Growth
stimulant

Experiment 1
SSV-NRK (pl)
0

21
10 64
25 83
50 112
NRK (pl)
10 19
25 22
50 27
PDGF (ng/ml)
1.0 80
5.0 140
Experiment 2
SSV-NRK (ul)
0 18
50 103
S50* 96
50t 18
PDGF (ng/ml)
5 128
5* 123
St 20

*Heat-treated.
captoethanol.

tReduced with 10 percent 2-mer-

cellular PDGF receptor. The results indi-
cated that 50 pul of the concentrated SSV-
NRK medium were slightly less effective
than S ng of PDGF in blocking the bind-
ing of '**I-labeled PDGF to human fibro-
blasts (Fig. 1A) (13). Concentrated SSV-
NRK medium was tested for its ability to
stimulate the PDGF receptor-associated
kinase activity of human fibroblast cell
membranes (Fig. 1B). Medium from
transformed cells (Fig. 1B, lanes ¢ and d)
but not from normal cells (Fig. 1B, lanes
a and b) stimulated the phosphorylation
of a membrane protein of 185 kilodaltons
(kD) (14). Purified PDGF stimulated
phosphorylation of the same protein
(Fig. 1B, lane e). The molecular size of
the receptor associated with kinase ac-
tivity of human fibroblast membranes
has been determined as 185 kD (15). The
first step in the action of PDGF on
normal cells is the interaction of the
mitogen with specific cell surface recep-
tors (16, 17). Thus, the release of PDGF-
like mitogens by SSV-transformed cells
would have little functional significance
unless those cells also had receptors.
NRK cells and SSV-transformed NRK
cells were tested for their ability to bind
labeled PDGF (Fig. 1C). Both the normal
and transformed NRK cells showed a
component of '*’I-labeled PDGF binding
that could be specifically displaced by
the addition of increasing amounts of
unlabeled PDGF (/8). These results indi-
cated that, when cultured under the
same conditions, SSV-transformed NRK
cells bound specifically about one-fourth
as much PDGF as untransformed cells.
In order to determine more quantitative-
ly the changes in PDGF binding, the
binding experiments were repeated over
a wider range of concentrations of '%I-
labeled PDGF (/8). A Scatchard analysis
of these data (Fig. 1C, inset) indicated

that SSV-transformed NRK cells had
about 18,000 receptors per cell with a
dissociation constant (Kg) of 1.7 X
107'° while NRK cells had about 72,000
receptors per cell with a Ky of 2.2 X

a b G d e f g h
e w
e
e - 34
kD
1T
kD> -
Unreduced Reduced

Fig. 2. Antiserum to PDGF recognizes the
SSV-oncogene product released into the me-
dium by SSV-transformed NRK cells. (Lanes
a to e) SDS-PAGE performed under nonre-
ducing conditions (20). Immunoprecipitation
of proteins from medium conditioned by un-
transformed NRK cells with control rabbit
serum (lane a) and antiserum to PDGF (lane
b). Immunoprecipitation of proteins from me-
dium conditioned by SSV-transformed NRK
cells with control serum (lane c), antiserum to
PDGF (lane d), and antiserum to PDGF in the
presence of 500 ng of unlabeled PDGF (lane
e). (Lanes f, g, and h) SDS-PAGE performed
under reducing conditions. Proteins in medi-
um conditioned by SSV-transformed NRK
cells were immunoprecipitated with control
serum (lane f), antiserum to PDGF (lane g), or
antiserum to PDGF in the presence of 500 ng
of excess unlabeled PDGF (lane h).



107'°. These results are similar to those
reported for human osteosarcoma cells,
which release a PDGF-like mitogen and
have a reduced capacity to bind PDGF
added exogenously (/6). Comparable re-
sults have been reported for transformed
cells that secrete a mitogen resembling
epidermal growth factor (EGF) (/9).
Downward regulation and masking of
receptors by ligand produced endoge-
nously have been invoked as explana-
tions for this phenomenon.
SSV-transformed NRK cells and nor-
mal NRK cells were labeled with
[**S]cysteine that was added to the medi-
um (20), and the proteins released into
the medium were immunoprecipitated
with antiserum to PDGF to determine
which of the intracellular forms of the v-
sis product is released from the cells.
The immunoprecipitates were analyzed
by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) and
fluorography under both nonreducing
and reducing conditions (20) (Fig. 2). No
proteins were specifically precipitated
from medium conditioned by NRK cells
(Fig. 2, lanes a and b). In contrast,
immunoprecipitation of medium condi-
tioned by SSV-transformed NRK cells
and analysis of the precipitates under
nonreducing conditions revealed that
antiserum (Fig. 2, lane d) but not control
serum (Fig. 2, lane c) precipitated a 34-
kD protein. The immunoprecipitation of
this protein was blocked by excess unla-
beled PDGF (Fig. 2, lane e). When the
immunoprecipitates were analyzed un-
der reducing conditions, a 17-kD protein
was precipitated by antiserum (Fig. 2,
lane g) but not by control serum (Fig. 2,
lane f) or in the presence of excess
PDGF (Fig. 2, lane h). The 34-kD species
was not observed under reducing condi-
tions, an indication that it is a disulfide-
linked dimer of the 17-kD protein. Both
purified PDGF (7) and some of the intra-
cellular forms of the v-sis gene product
(I12) have been shown to be disulfide-
linked dimers of 15- to 20-kD subunits.
The intracellular form of the v-sis gene
product has been established as a 28-kD
protein that dimerizes to a 56-kD spe-
cies. The 56-kD protein is then pro-
cessed by proteolysis at the amino- and
carboxyl-terminals to yield the 46-, 34-,
30-, and 24-kD dimeric proteins. Mono-
mers with molecular sizes of 28 and 20
kD were found under reducing condi-
tions (12). Since only the 34-kD dimeric
species could be detected in the medium,
its release may be the result of a specific
process rather than a nonspecific release
of cytoplasmic contents caused by cell
death and lysis. Further, human osteo-
sarcoma cells (2/) and human glioblas-

56

toma cells (22) have been observed to
release a PDGF-like mitogen, which is
also a disulfide-linked dimeric protein of
30 to 35 kD. Cell extracts from SSV-
transformed BALB/3T3 cells have been
shown (23) to contain a mitogenic activi-
ty that cross-reacted with antiserum to
PDGF, but release of the mitogen into
the medium was not detected. The differ-
ences between those results and the re-
sults we report may be due to the differ-
ent strains of SSV-transformed cells
used (NIH/3T3 cells and NRK cells) or
to differences in the potency of the anti-
serum to PDGF.

Whether the v-sis gene product oper-
ates by an intracellular mechanism, or
whether release into the medium fol-
lowed by uptake into the cell via the
PDGF receptor is an obligatory step,
cannot be established directly from our
results. Since a PDGF-like mitogen is
released by the transformed cells, and
since the cells retain PDGF receptors,
self-stimulation of SSV-transformed
NRK cells by an autocrine mechanism
(24) may be a means by which the cells
could sustain a high growth rate.

ALBERT J. OWEN
PAaNAGIOTIS PANTAZIS
HARRY N. ANTONIADES
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