Autocrine Stimulation of Intracellular PDGF
Receptors in v-sis—Transformed Cells
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Autocrine activation of platelet-derived growth factor (PDGF) receptors is the
mechanism of transformation by the v-sis oncogene. Since the addition of PDGF does
not transform normal cells, autocrine mechanisms may involve unique pathways of
receptor activation. In this study autocrine stimulation of the PDGF receptor was
observed in v-sis—transformed normal rat kidney (NRK) cells. In contrast to receptor
activation in normal cells, autocrine activation of PDGF receptors in v-sis—transformed
cells occurred in intracellular compartments, disrupting receptor processing and
diverting receptors and their precursors to a chloroquine-sensitive degradation path-
way. These findings show that intracellular activation of receptors by autocrine
mechanisms may play a role in cell transformation.

THE V-SIS ONCOGENE ENCODES A
protein that is structurally similar
and functionally equivalent to plate-
let-derived growth factor (PDGF) (1). Only
cells that express PDGF receptors can be
transformed by v-sis (2, 3), which suggests
that the receptor is essential for transforma-
tion. Whether autocrine activation of the
receptor occurs in intracellular compart-
ments or at the cell surface by secreted v-sis—
encoded proteins has been the subject of
controversy (2—4). To determine the site of
autocrine activation of the PDGF receptor
in v-sis—transformed cells, we studied recep-
tor biosynthesis by metabolic labeling ex-
periments. In normal (untransformed) cells
the receptor is synthesized as a 160-kD
precursor that contains core, endo-f3-N-ace-
tylglucosaminidase H (endo H)-sensitive,
asparagine-linked sugars (5). The precursor
is converted to a 180-kD mature form that
contains complex, endo H-resistant oligo-
saccharide and is then expressed at the cell
surface (5). Previous binding experiments
with '*’I-labeled PDGF showed that few, if
any, PDGF receptors are detectable is v-sis—
transformed cells (2, 3, 6). The absence of
detectable receptors has been attributed to
down-regulation caused by the interaction
of receptors with v-si—encoded proteins. In
metabolic labeling studies, however, recep-
tor proteins of 140 and 160 kD were readily
detected in v-sis—transformed cells (Fig. 1B,
time 0). These receptor proteins were sus-
ceptible to digestion with endo H and there-
fore represented incompletely processed
forms of the receptor (7, 8). Similar
amounts of receptor precursors were ex-
pressed in normal and v-sis—transformed
cells (Fig. 1, A and B, time 0).

Forty-five minutes after synthesis, a ma-
ture, endo H-resistant form of the PDGF
receptor was expressed in both normal rat
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kidney (NRK) and v-sis—transformed NRK
cells (Fig. 1). In contrast to the mature, 180-
kD protein immunoprecipitated from un-
transformed cells, the mature form of the
receptor identified in v-sis—transformed cells
was resistant to neuraminidase treatment,
was heterogeneous, and had a lower appar-
ent molecular mass (170 kD), suggesting
that this form of the receptor was partially
processed. The heterogeneity of the mature
form of the receptor in these cells appeared
to be due to variable processing of the
protein’s asparagine-linked sugars, because
treatment of immunoprecipitated receptors
with peptide N-glycosidase F (N-glycanase)
(9) reduced mature and precursor forms to a
discrete band of 140 kD in both NRK and
v-sis—transformed cells (8).

Another distinction between the mature
receptor proteins seen in normal cells and
those in v-sis—transformed cells is their half-
life. Densitometric analysis of Fig. 1B and
other experiments showed that the half-life
of the 170-kD receptor in v-sés—transformed
cells is only 10 to 15 minutes. In contrast,
receptor half-life in untransformed cells in
the absence of PDGF is approximately 3
hours (5).

Unexpectedly, we found that neither the
mature nor the precursor form of the recep-
tor in v-sis—transformed cells was susceptible
to trypsin treatment of intact cells at 4°C
(Fig. 1B). In v-sis—transformed cells, there-
fore, the mature form of the receptor was
detected exclusively in intracellular compart-
ments. By comparison, in NRK cells, 60%
of the receptors were detected in a trypsin-
sensitive pool 45 minutes after labeling, and
nearly all of the receptors were sensitive to
trypsin after 90 minutes (Fig. 1A). Not
surprisingly, the 160-kD intracellular recep-
tor precursor was insensitive to trypsin in
NRK cells.

When the PDGF receptor is activated by
PDGEF, the receptor becomes phosphorylat-
ed on its own tyrosine residues (10). We
have shown that antibodies to phosphotyro-

sine can be used to identify ligand-activated,
tyrosine-phosphorylated PDGF receptors in
normal cells (11). To identify the activated
form of the PDGF receptor in v-sis—trans-
formed cells, metabolically labeled receptors
were immunoprecipitated by antibodies to
phosphotyrosine (Fig. 2B) and, in parallel,
by antibodies to the PDGF receptor (Fig.
2A). Both antibodies recognized the 170-
kD receptor 1 hour after metabolic labeling
of v-sis—transformed cells (Fig. 2, A and B).
In contrast, the 180-kD tyrosine-phosphor-
ylated form of the receptor in NRK cells was
recognized by antibodies to phosphotyro-
sine only after exogenous PDGF was added
to the cells (Fig. 2B). These data show that
the mature form of the PDGF receptor is
activated, presumably by interaction with
v-sis—encoded proteins, in v-sis—transformed
cells.

The activated form of the receptor recog-
nized by antibodies to phosphotyrosine in
v-sis—transformed cells, like the receptor pro-
teins detected by antibody to the PDGF
receptor (Fig. 1B), was found exclusively in
intracellular compartments that were resist-
ant to trypsin treatment at 4°C (Fig. 3, A
and B). In untransformed cells, the ligand-
activated, tyrosine-phosphorylated form of
the receptor was at the cell surface and
therefore was susceptible to intact cell tryp-
sinization (Fig. 3A). These data suggest that
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Fig. 1. Biosynthesis of the PDGF receptor in
NRK and v-sis—transformed NRK fibroblasts.
NRK (A) and v-sis—transformed NRK (B) cells
were labeled with [>3S]methionine (0.25 mCi/ml)
for 15 minutes and then incubated with unlabeled
medium for the time periods indicated. After the
chase period, intact cells were incubated with
trypsin (0.1 mg/ml) (+) at 4°C for 2 hours as
indicated. All other samples were also treated with
trypsin, but trypsin activity was inhibited by
soybean trypsin inhibitor at 0.3 mg/ml. Cell ex-
tracts were immunoprecipitated by treatment
with antiserum 88, which was directed against the
kinase insert region of the receptor as previously
described (5). Immunoprecipitates were separated
by SDS—polyacrylamide gel electrophoresis on
7% gels. A fluorogram is shown. Specificity of
antisera to PDGF receptor proteins was demon-
strated with preimmune normal rabbit sera and
peptide blocking experiments as described (5).
Antiserum 88 immunoprecipitated mature and
precursor forms of the receptor equally well (8).
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activation of the PDGF receptor in v-sis—
transformed cells occurs in intracellular
compartments.

To exclude the possibility that PDGF
receptors in v-sis—transformed cells are tran-
siently expressed at the plasma membrane,
activated by extracellular ligands, and then
immediately internalized to a trypsin-resist-
ant compartment before degradation, we
incubated cells at 37°C with the polyanionic
compound suramin. In NRK cells, suramin
inhibits the interaction of PDGF with its cell
surface receptor (2, 8). When v-sis—trans-
formed cells were incubated with suramin,
tyrosine phosphorylation of the receptor
was unaffected (Fig. 3B) (12).

In v-sis—transformed cells, receptor pre-
cursors were degraded before they could be
processed to a mature form. Densitometric
analysis of Fig. 1B and other fluorograms
showed that in v-sis—transformed cells more
than 90% of **S-labeled precursors disap-
peared during a 45-minute chase period, but
only 20 to 30% could be accounted for by

Fig. 2. Autocrine activation of PDGF receptor in
v-sis-transformed NRK cells. Untransformed
(NRK) and v-sts—transformed NRK §v-:is) cells
were biosynthetically labeled with [**S]methio-
nine as described in Fig. 1. NRK cells were
incubated in the absence (—) or presence (+) of a
saturating concentration of PDGF. Cell extracts
were immunoprecipitated by exposure to PDGF
receptor antiserum 83 (A) or antiserum to phos-
photyrosine (B). Receptor and tyrosine phospho-
proteins are shown. The fluorogram represented
here resulted from a prolonged exposure (2
weeks). This was necessary because of the low
abundance of activated receptor proteins in v-sis—
transformed cells. Nonspecific bands, therefore,
are prominent. A 210-kD and other proteins of
higher apparent molecular weight were nonspe-
cifically immunoprecipitated by treatment with

processing to the mature form (Fig. 1B).
Therefore, it seemed likely that in v-sis—
transformed cells, PDGF receptor precur-
sors were shunted from the maturation
pathway to a degradative pathway. This
pattern of processing contrasts with the
pattern seen in normal fibroblasts, in which
the 160-kD precursor is quantitatively con-
verted to the mature 180-kD form. (5). To
determine if the 160-kD precursor identi-
fied in v-sis—transformed cells was degraded
by pH-sensitive proteases, we incubated cells
with the lysosomotrophic agent chloroquine
before labeling and immunoprecipitation.
Chloroquine (Fig. 4A) or ammonium chlo-
ride (8) treatment dramatically prolonged
the half-life of the 160-kD precursor in v-
sis—transformed cells. No effect on receptor
precursor metabolism was noted in control
cells (8). These data suggest that the 160-kD
precursor is degraded by chloroquine-sensi-
tive acid hydrolases (13) shortly after syn-
thesis.

To determine if an activated form of the

antisera to the PDGF receptor and to phosphotyrosine and by nonimmune serum (8).

Fig. 3. Effect of trypsin, suramin, and endo H
treatment on the activated form of the PDGF
receptor in v-sés—transformed NRK cells. (A) Un-
transformed (NRK) and v-sis—transformed (v-sis)
cells were labeled with [>*S]methionine as de-
scribed in Fig. 1. NRK cells were incubated with
(+) or without a saturating concentration of
PDGF during the chase period. After the chase
period, cells were incubated with trypsin (+) as
described in Fig. 1. Cell lysates were immunopre-
cipitated with antibodies to phosphotyrosine. The
170-kD tyrosine-phosphorylated form of the re-
ceptor in v-sis—transformed cells and the 180-kD
activated receptor in NRK cells are shown. In this
and other experiments, lanes from trypsin-treated
cells consistently had a higher background level,
increasing the prominence of the trypsin-resistant

A B
V-Sis v-Sis NRK
Chase Y5500 = (07 1
(hours) 0 1 2 4 O W SO
kD
Mature . @ T — BRE" & — 200
160= M .
140 — ==
- 116
— 87
s ~ 66
-~ 4 =
-
e R — - - 45
it i=i.. PDGE
A B
Chaso v~s.‘5~_‘ NRK v-8is
(min) "o 3045 45 45 45 45 4545 45
kD kD
r if 200 -
Mature = i |} ' Ll R ] s
=118
11
- - 97

- 66

Suramin: +
Trypsin: +
Endo H: -

Trypsin: =+ +
PDGF: + +

bands. (B) Cell monolayers were incubated with 25 pM chloroquine and 37.5 pM sodium
orthovanadate at 37°C for 1 hour. Cells were then biosynthetically labeled with [**S]methionine as
described in Fig. 1 in the presence of chloroquine and vanadate. Cells were then incubated with
unlabeled medium for 45 minutes at 37°C in the presence of chloroquine and vanadate with or without
suramin at 140 pM. After the chase period, cells were incubated with trypsin as described in Fig. 1. Cell
lysates were immunoprecipitated with antibodies to phosphotyrosine, released by boiling in SDS, and
incubated with or without endo H as described (5). The 160- and 170-kD tyrosine-phosphorylated

forms of the receptor are shown.
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160-kD receptor precursor was detectable in
v-sts—transformed cells, we treated cells with
chloroquine and the phosphatase inhibitor
sodium orthovanadate before metabolic la-
beling and immunoprecipitation with anti-
bodies to phosphotyrosine. Under these
conditions a tyrosine-phosphorylated form
of the 160-kD precursor was immunopre-
cipitated from v-sis—transformed, but not
untransformed, cells (Fig. 3B). The endo H
sensitivity of this band was not definitively
ascertained; the 160-kD phosphoprotein
disappeared after endo H treatment, but
glycosidase treatment reduced signal intensi-
ty and a band of lower apparent molecular
weight was not detected (Fig. 3B).

In v-sis—transformed cells a 140-kD in-
completely processed form of the receptor
was seen in addition to the 160-kD precur-
sor (Fig. 1B). Chloroquine (Fig. 4A) or
ammonium chloride (8) treatment reversed
the ratio of 160- to 140-kD forms. After
endo H treatment the 140-kD band shifted
to an apparent molecular weight of 120-kD,
which was lower than the apparent size (135
kD) of the receptor isolated from tunicamy-
cin-treated cells in which N-linked glycosyla-
tion was blocked (8). Thus, the lower appar-
ent weight of the 140-kD incompletely
processed form was not due to a difference
in glycosylation. These data suggest that the
140-kD form was produced by degradation
of the 160-kD precursor.

The half-life of the mature form of the
PDGF receptor in v-sis—transformed cells
was also prolonged by pretreatment with
chloroquine (Fig. 4A) or ammonium chlo-
ride (8). To determine if the mature 180-kD
cell surface receptor in untransformed cells is
degraded by a similar mechanism, we treat-
ed NRK cells with chloroquine before meta-
bolic labeling. Cells were then incubated
with unlabeled methionine in the absence or
presence of PDGF, which accelerates recep-
tor degradation (5), before solubilization
and immunoprecipitation. In contrast to the
mature form identified in v-sés—transformed
cells, degradation of the 180-kD cell surface
PDGEF receptor in NRXK cells was not inhib-
ited by chloroquine even when the cells were
stimulated by PDGF (Fig. 4B). Therefore,
in v-sis—transformed NRK cells, degradation
of the mature form of the PDGF receptor
occurs via a chloroquine-sensitive pathway
not followed by the receptor in normal cells.

These studies provide the first direct evi-
dence of receptor activation by an autocrine
mechanism and show that in v-sés—trans-
formed cells autocrine activation of the
PDGEF receptor occurs in intracellular com-
partments. By contrast, in normal cells, only
cell surface receptors are activated by PDGF.
We cannot be certain if, after activation,
receptors in v-sis—transformed cells are tran-
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Fig. 4. Effect of chloroquine treatment on PDGF
receptor metabolism in NRK and v-sis—trans-
formed NRK cells. Cell monolayers were treated
with Dulbecco’s minimum essential medium
(DMEM) with (+) or without 25 pM chloro-
quine for 1 hour at 37°C. v-sts—transformed NRK
cells (A) were biosynthetically labeled with
[*S])methionine as described in Fig. 1 in the
absence or presence of chloroquine. NRK cells
(B) were labeled with [*S]methionine with or
without chloroquine at 37°C for 2 hours in the
absence (—) or presence (+) of a saturating
concentration of PDGF, which causes receptor
internalization and degradation. Cell extracts
were immunoprecipitated with antiserum to
PDGEF receptor as described in Fig. 1.

siently expressed at the cell surface and then
degraded or if they are shunted directly to
degradation pathways. Additionally, we
cannot exclude the possibility that a small
percentage of receptors is expressed at the
plasma membrane before activation and
then immediately degraded, thus evading
detection by our methodology. In v-sis—
transformed cells, however, the majority of
PDGF receptor activation clearly occurred
in intracellular compartments, before recep-
tor maturation was complete and before
receptors could have reached the cell surface.
Our data are consistent with reports show-
ing that chronic exogenous PDGF treat-
ment, by itself, will not transform cells (14).
These findings also help explain why at-
tempts to reverse v-sis—mediated transforma-
tion with antisera to PDGF have had limited
success (15). This novel, intracellular mecha-
nism of activation of a growth factor recep-
tor is likely to be responsible for v-sis—
induced cell transformation. Attempts to
reverse transformation by v-sis, therefore,
should be directed to intracellular receptors.
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Juvenile Hormone Action Mediated in Male Accessory
Glands of Drosophila by Calcium and Kinase C

KAREN YAMAMOTO, ALINE CHADAREVIAN, MARIA PELLEGRINI*

In an in vitro system for the Drosophila melanogaster male accessory gland, it was found
that 107°M juvenile hormone III could accurately mimic the copulation-induced
response of increased protein synthesis in glands from virgin flies. Stimulation by this
hormone required calcium in the medium. Experiments with tumor-promoting
phorbol esters indicated that activation of protein kinase C can also cause the glands to
increase protein synthesis. Stimulation of protein synthesis by juvenile hormone did
not occur in mutants deficient in kinase C activity. These results suggest a membrane-
protein—mediated effect of juvenile hormone that involves calcium and kinase C.

HE MALE ACCESSORY GLANDS OF

Drosophila melanggaster produce and

secrete proteins that are found in the
seminal fluid and have important effects on
female reproductive behavior (I). In our in
vitro system, the incorporation of [**S]-
methionine into trichloroacetic acid (TCA)—
precipitable proteins increases throughout
the 3 hours studied and is linear within the
first 2 hours (Fig. 1A). Copulation induces
an increase in protein synthesis (Fig. 1B)
and RNA synthesis (Fig. 1C). Protein syn-
thesis is increased in glands dissected imme-
diately after copulation and is maximal in
the flies 2 hours after copulation (Fig. 1B).
Our in vitro measurements of the timing
and magnitude of the stimulation of overall
protein and RNA synthesis following copu-
lation are in agreement with previous in vivo
studies of the copulation-induced stimula-
tion of protein and RNA synthesis in these
glands (2, 3).

Since it is known that juvenile hormone
(JH) effects the correct development, matu-
ration, and functioning of the male accesso-
ry glands in other insects (I, 4, 5), and is
important in the regulation of D. melanggas-
ter female reproductive physiology (6-9),
we examined the effects of JH on the male
accessory glands in vitro. At concentrations
of 107°M juvenile hormone III (JH III),
the amount of incorporation of [*S]meth-
ionine into TCA-precipitable proteins is
maximally increased to nearly 300% of that
of control values after a 1-hour incubation
(Fig. 2A). There is a partial effect even at
concentrations of 10™'"M1. The hormone 20-
hydroxyecdysone at 10™’M causes little or
no increase in protein synthesis (Table 1).
Each reagent listed in Table 1 was tested at
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