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Summary

Uncontrolled activation of receptor tyrosine kinases (RTKS)
is implicated in the proliferation of cancerous cells, and
deficiencies in RTKs results in pathological conditions such
as developmental abnormalities and immunodeficiencies.
Tight regulation of RTK cascades is therefore critical for
eliciting an appropriate type and level of response to
external stimuli. The aim of this work is to compare
different RTK downregulation mechanisms, such as ligand-
induced internalisation, ubiquitin-mediated proteolysis and
dephosphorylation by protein phosphotyrosine phosphatase
(PTPs). We choose platelet-derived growth factor receptor
(PDGF-r) in NIH3T3 cells as a model of RTK. Our data
suggest that PDGF-r internalisation could be mainly
considered as a positive signaling system, as it is involved in

receptor; thus the receptor remains functionally active for
further stimulation. On the contrary, PTP-dependent
dephosphorylation of the activated receptors appears to
play a crucial role. In fact, inhibition of PTP upon PDGF
stimulation  results in upregulation of receptor
phosphorylation level, of PI3K recruitment and activation
and of cell cycle rate. On the contrary, PTP-dependent
dephosphorylation does not affect the endosomic pool of
activated receptor. Furthermore, we demonstrate that
PDGF-r downregulaton by means of PTP
dephosphorylation is important for both short term (2
hours) and long-lasting (up to 8 hours) PDGF-r activation.
Herein we propose a revisited model of PDGF-r
downregulation in which PTPs dephosphorylation retains a

MAPK activation rather than a downregulation of the
mitotic signal. Inhibition of receptor ubiquitination does not
result in regulation of PDGF-r tyrosine phosphorylation
and does not lead to variation of intracellular signalling
pathways. The overall PDGF-r protein degradation upon
PDGF stimulation does not exceed 30-40% of the total

major role, conferring on receptor internalisation a signal
transduction function.
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Introduction levels: (1) at a short time level, which is thought to be

PDGF is a potent mitogen for mesenchymal cells, smootgontrolled essentially by an immediate ligand-induced
muscle cells and glial cells. Binding of PDGF to theinternalisation of ligand-receptor complexes, and (2) at a long
extracellular domain of the receptor is thought to inducdasting level, when downregulation response is caused by
receptor dimerisation, allowing transphosphorylation ofreceptor degradation by ubiquitin-dependent proteolysis
adjacent dimerised receptors on specific tyrosine residuédoazeiro et al.,, 1999) and reduction of PIB&FMRNA
within the intracellular region. The phosphorylated tyrosinegxpression (Oster et al., 2000). Internalisation of the PDGF-r
serve as docking sites for recruitment of cytosolic signalling/pon stimulation with the agonist is one of the earliest
proteins with appropriate binding motifs. The cellular functionresponses among those elicited by PDGF. This internalisation
of receptor-associated proteins is believed to be modified assa mediated by clathrin-coated pits in which the 100 kDa
consequence of association with, and phosphorylation by, tfféTPase dynamin is responsible for the pinch-off step of the
receptor itself. Thus, ligand binding initiates intracellularvesicle. Internalised receptors can recycle back to the cell
signalling events involving the synthesis of second messengeurface or can be sorted to lysosomal degradation (Joly et al.,
molecules, activation of small G proteins, protein1995). Only this latter process results in a downregulation of
phosphorylation cascades and ultimately gene transcriptionell surface receptors. Since mutations that impair the ability
All these signalling pathways are thought to mediate biologicabf some tyrosine kinase receptors to be internalised and
responses to PDGF through cell cycle progression (Heldin elegraded cause cell transformation, receptor downregulation
al., 1998). The mechanism used to fine-tune receptor-inducdxy ligand-induced internalisation appears to be an important
signalling and the full diversity of the signalling potential of element in the control of cellular proliferation. It is not clear
the receptor remain unclear. It has been demonstrated thahat the mechanism guiding the internalisation is, although it
PDGF-r expression is downregulated during the second phakas been demonstrated to depend on tyrosine phosphorylation
of the cell cycle and during cell differentiation. In particular,of the receptor itself. Both Src-tyrosine-kinase- and
PDGF-r downregulation is most probably regulated at twghosphatidylinositol-3-kinase-binding (P13K) sites on PDGF-r
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have been shown to be involved in receptor internalisatiowere from Upstate Biotechnology Inc. and those against P-Tyr751 and
(Mori et al., 1994; Shpetner et al., 1996). Furthermore, it haB-Tyr857, which were a generous gift of A. Kazlauskas (Schepens
been reported that inhibition of insulin receptor internalisatiorFye Research Institute, Harvard Medical School, Boston, MA). BCA
leads to a partial inhibition of Shc phosphorylation and MAPKProtein assay reagent is from Pierce. DCF-DA was obtained from
inhibition (Ceresa et al., 1998; Faure et al., 1999; Chow et afVolecular Probes. GST-PI fusion protein was a generous gift of
1998). These findings indicate that the internalised insulid" Kazlauskas.
receptors have a positive signal transduction role, at least in
Shc and MAPK roads. Cell culture and transfections

c-Cbl, one of the numerous SH2-domain-containing proteingIH-3T3 cells were routinely cultured in DMEM with the addition of
that bind to the activated PDGF-r has been recently identifietbo fetal calf serum in 5% GChumidified atmosphere. All cell
as a proteasomal E3-like ubiquitin ligase involved in thereatments were performed at 37°C ut0of pRcCMV-C12A-LMW-
downregulation of tyrosine kinase receptors (Levkowitz et al.PTP was transfected into NIH-3T3 cells using the calcium phosphate
2000). C-Chl ubiquitination is reported to target receptors fomethod (Chiarugi et al., 1995). Stable transfected clonal cell lines
degradation by the proteasome (Joazeiro et al., 1999; Ba§re isolated by selection with G418 (40§/ml). Mock-transfected
et al., 2000). By this, cells became less sensitive to furthdfrl TEE R USRS 20 T Re T R e genes
PDGF St.'mUIat'or.]' Bpth !lgand—ln_duced |nternallsat|0n anq be (a) northern blot analysis and (b) ELISA using polyclonal anti-
Cbl-mediated ubiquitination require tyrosine phosphorylation \sw.pTp rabbit antibodies.
of the receptor and can be considered downregulation
mechanisms that terminate receptor signalling through
degradation of the molecule (Miyake et al., 1998; Levkowitzmmunoprecipitation and western blot analysis
et al., 1999). 1x1(P cells were seeded in 10 cm plates in DMEM supplemented with

The long-term downregulation response for PDGF-r10% FCS. Cells were serum starved for 24 hours before receiving 30
Signa“ing is essentia”y mediated by messenger RNAG/mMI PDGF-BB. Cells were then I_ysed for 20 minutes on ice in 500
expression reduction. It has been recently demonstrated tH#t0f RIPA lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
the repression gfdgf-rmRNA level is mediated by the c-Myc 0.1% SDS, 0.5% Na-Deoxicholate, 1% Nonidet P-40, 2 mM EGTA,
transcription early response gene. In particular, Myc-repressij mM sodium orthovanadate, 1 mM phenyl-methanesulphonyl-

o . ; uoride, 10pg/ml aprotinin and 1Qug/ml leupeptin). Lysates were
of PDGF-r expression is responsible for the downregulation larified by centrifugation and immunoprecipitated for 4 hours at 4°C

the receptor during the S and G2/M phase of the cell cyclgit 1.2 g of the specific antibodies. Immune complexes were
(Oster et al., 2000). collected on protein A Sepharose (Pharmacia), separated by
Downregulation of tyrosine kinase receptors bySDS/PAGE and transferred onto nitrocellulose (Sartorius).
phosphotyrosine phosphatase (PTPs) could be considerednanunoblots were incubated in 3% bovine serum albumin, 10 mM
simpler and faster way with respect to the removal of théris/HCIpH 7.5, 1 mM EDTA and 0.1% Tween-20 for 1 hour at room
activable receptors from the membrane by clathrin-mediatei@mperature, probed first with specific antibodies and then with
endocytosis and to the decrease of PDGF-r molecules Ifgcondary antibodies conjugated with horseradish peroxidase, washed
ubiquitin-mediated or lysosomal proteolysis, or mRNAand developed with the Enhanced Chemi-Luminescence Kit.
repression (Ostmann and Béhmer, 2001). Very little is known
about the role of PTPs in PDGF-r dephosphorylation, althougBe|| adhesion on fibronectin

many PTPs interact with this receptor. In particular, the PTPg,1 (s celis were seeded in 10 cm plates in DMEM supplemented with
SHP-1 (Yu et al., 1998), SHP-2 (Qi et al., 1999), DEP-1100 FCS. Cells were serum starved for 24 hours before detachment
(Kovalenko et al., 2000), LMW-PTP (Chiarugi et al., 1995) andyith 0.25% trypsin for 1 minute. Trypsin was blocked with 0.2 mg/ml
CD45 (Way and Mooney, 1993) have been described tsoybean trypsin inhibitor, centrifuged at 9pfor 10 minutes and then
dephosphorylate the activated PDGF-r, although the rea¢-suspended in 2 ml/10 cm dish of DMEM containing 0.2% BSA.
meaning of this dephosphorylation is largely unclear. In factResuspended cells were maintained in suspension with gentle
PTP action on tyrosine kinase receptors could lead to a geneﬁéﬂ':]at'on for 33 minutes ﬁ‘t 37_°E EJ‘ES /thf“ ?"ﬁ‘:t'y Se‘;ge‘i In pre-coated
attenuation of receptor signalling by targeting all receptofliShe€s treated overnight wit ml of human fibronectin_in

. - hosphate buffered saline (PBS), then washed twice in PBS and
phosphotyrosw_les or c_)nly Fhe regulatory ones or, instea locked for two hours with 2% BSA in PBS.
by modulating signalling through site-selective
dephosphorylation. In this context, we would like to elucidate
the mechanisms of downregulation of tyrosine kinase receptoPsTP activity assay
that follows their agonist-induced activation. In particular, weThe PTP activity was measured as previously reported (Bucciantini et
would like to compare the rate and the potency of each of tha., 1999). Briefly, 1.810° cells were collected in 30@l of 0.1 M
above mentioned mechanisms. sodium acetate pH 5.5, 10 mM EDTA, 1 nfivinercaptoethanol then
sonicated for 10 seconds. The lysates were clarified by centrifugation,
and 50pl was used in the PTP activity assays. We measured PTP
. activity either by using p-nitrophenylphosphate  of2P-
Mater|als and Methods autophosphorylated PDGF-r. In the first case, the cellular lysates were
Materials mixed with 250ul of 10 mM p-nitrophenylphosphate at 37°C for 30
Unless specified, all reagents were obtained from Sigma. NIH-3T@inutes. The production of p-nitrophenol was measured
cells were purchased from ATCC; human recombinant plateleteolorimetrically at 410 nm. The results were normalised on the basis
derived growth factor BB (PDGF-BB) was from Peprotech; Enhancedf total protein content. Quantification of PTP activity us#ig-
Chemi-Luminescence Kit was from Amersham; all antibodies werautophosphorylated PDGF-r as the substrate was achieved by mixing
from Santa Cruz, except those against P-Tyr-716, p85PI3K, whicthe cellular lysates with equal amounts of immunoprecipitée
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labeled PDGF-r and incubating at 37°C for 15 minutes.aprotinin and 1QuCi of [y3%-P]ATP (3000 Ci/mmol) for 10 minutes
Immunoprecipitated PDGF-r was labeled witp3fP]JATP (3000 at 30°C in the presence or absence of [@g5of glutathioneS
Ci/mmol) in 100pl of the kinase buffer (see kinase activity assay)transferase-PL{l. The fusion protein included amino acid residues
containing 100 nM PDGF-BB for 30 minutes at 30°C. The residuab50-850 of rat PL{L. The reaction was stopped by adding an equal
radioactivity on PDGF-r was assessed by SDS-PAGE analysis. Thlume of Xsample buffer (10 mM EDTA, 4% SDS, 5.6 mM 2-
autoradiogramm of the dried gel was analysed by densitometrimercaptoethanol, 20% glycerol, 200 mM Tris-HCI, pH 6.8 and 1%
scanning (Chemi-Doc Biorad) and normalisation of the data wabromphenol blue). The samples were then incubated for 3 minutes
achieved by an anti-PDGF-r immunoblot of the analysed samples. at 95°C, spun and resolved on 7.5% SDS-polyacrylamide gel
electrophoresis, and the radiolabeled proteins were detected by
) autoradiography. Normalisation was achieved by an antyPLC
Measurement of intracellular ROS immunoblot using a small amount of each of the analysed samples.
NIH3T3 cells were plated in 24-well plates (Corning) at a density of
2x10* cells per well in standard culture medium. 24 hours later the o )
cells were serum starved for an additional 24 hours. PDGF at 30 ng/fhosphatidylinositol 3-kinase assay
was added for the indicated time followed by a 5 minute incubatiohe PI3K assay was performed as described elsewhere (Marra et al.,
with 20 ug/ml DCF-DA, an oxidation-sensitive fluorescent dye. Cells1995; Chodhury et al., 1991). Briefly, serum-starved cells were
were then detached from the substrate by trypsinisation and analysiedubated with 30 ng/ml of PDGF for 10 minutes and then lysed in
immediately by flow cytometry using a Becton Dickinson FACSCANRIPA buffer. Equal amounts of proteins were immunoprecipitated
flow cytometer equipped with an Argon laser lamp (FL-1; emissionusing PY20 anti-phosphotyrosine antibody (Santacruz Biotec.). After
480 nm; band pass filter, 530 nm) (Pani et al., 2000). washing, the immunobeads were resuspended jih &R0 mM Tris-
HCI, pH 7.5, 100 mM NaCl and 0.5 mM EGTA. Qubof 20 mg/mi
) o L phosphatidylinositol was added, mixed and incubated at 25°C for 10
PDGF-r internalisation by trypsinisation minutes. Jul of 1 M MgCh and 10uCi of [y-32P]ATP (3000 Ci/mmol)
PDGF-r internalisation was determined by measuring the percentageere then added simultaneously and incubated at 25°C for an
of receptors that were resistant to trypsinisation according to thadditional 10 minutes. The reaction was stopped by the addition of
protocol of Ceresa et al. (Ceresa et al., 1998). Briefly, cells were seruh0 pl of a mixture of chloroform, methanol and 37% HCI (relative
starved for 24 hours and then stimulated with 30 ng/ml of PDGF-BBolumes 10:20:0.2). The samples were extracted with chloroform and
at 37°C. The cells were washed twice with PBS and incubated on iciried. Radioactive lipids were separated by thin-layer chromatography
for 8 minutes with ice-cold, 20 mM sodium acetate, pH 3.7. The cellsising chloroform, methanol, 30% ammonium hydroxide and water
were washed with ice-cold PBS and incubated with trypsin (1 mg/m(relative values 46:41:5:8). After drying, the plates were
in PBS) in ice for 30 minutes with occasional rocking. The reactiorautoradiographed. The radioactive spots corresponding to
was stopped by addition of soybean trypsin inhibitor (1 mg/ml). Cellphosphatidylinositol phosphate were scraped and counted in a liquid
were then washed and solubilised in lysis buffer for 10 minutes at 4°Gcintillation counter.
The cell lysates were immunoprecipitated with anti-PDGF-r
antibodies and subjected to SDS-polyacrylamide gel electrophoresis ]
(PAGE). The trypsin-resistant 190 kDa PDGF-r is the endosomi&ell cycle analysis
receptor. Total PDGF-r amount was evaluated in parallel in non€ytofluorimetric analysis was performed according to Liu et al. (Liu
trypsinised cells and the ratio of the two values has been calculated al., 1995). Briefly, 210° cells were seeded into 6 cm dishes the
as 10%. day before analysis to obtain exponentially growing cultures. Cells
were rinsed twice with cold PBS and harvested after trypsinization in
o ] ) ) 1 ml of 50 mg/liter propidium iodide. Analysis was performed in a
Inhibition of clathrin-mediated endocytosis Becton Dickinson FACScan using the Lysis Il and Cell Fit cell
In order to inhibit PDGF-r endocytosis, NIH3T3 cells were incubatedanalysis software according to the manufacturer’s procedure. Cell
in hypertonic medium (medium supplemented with sucrose 0.2 Mgycle rate evaluation was performed on five independent dnLMW-PTP
for 15 minutes at 37°C as reported previously (Lukacs et al., 1997pverexpressing clones<4 for each clone).
Cells are then treated with PDGF-BB 30 ng/ml and subjected to
subsequent analysis.
Results

Time course of PDGF-r downregulation

PDGF-r kinase activity assay . . .
Cell lysates in lysis buffer were subjected to immunoprecipit.'sltionFor this study we chose PDGF-r as a model of tyrosine kinase

with anti PDGF-r subunit antibodies (Santacruz Biotec.). Thereceptors and the NIH3T3 cell line for their high level of

immunoprecipitated proteins were washed twice in lysis buffer angndogenous receptor expression. First of all we report the time
twice in 50 mM Tris-HCI, pH 7.4, containing 1 mM sodium course of tyrosine phosphorylation of PDGF-rin NIH3T3 cells

orthovanadate and finally resuspended in 50 mM Hepes at pH 7.4, upon stimulation with 30 ng/ml of PDGF-BB (Fig. 1A,B). In
mM MnCly. The reaction was started with the addition®PJATP  our experimental conditions, the tyrosine phosphorylation level
(3000 Ci/mmol) (20uCi) to all samples, which were then incubated reaches its maximum 10 minutes after stimulation and
at 4°C for 10 minutes. The beads were then washed once with 50 migcreases within 2 hours. The decrease in PDGF-r tyrosine
Tris-HCI, pH 7.4,. and flnally.resuspended in @20of Laemmli’'s hosphorylation level would be achieved either by PTP-
sample buffer, boiled for 5 minutes and separated by a 7.5% S[.)g'ependent dephosphorylation or by a decrease of receptor
PAGE (Sorkin et al., 1993). The autoradiogram was scanned USIQimber, owing to receptor degradation. The internalisation and

Chemidoc Quantity One software (Biorad). Normalisation was afficking of ligand-activated cell-surface receptor has long

achieved by an anti-PDGF-r immunoblot using a small amount o . . .
each of the analysed samples. In addition the PDGF-r kinase activigeen reported as the main downregulation mechanism for many

was assayed using an exogenous substrate, glutathione S-transfer466€eptors (Leof, 2000). The ligand-bound receptors are
PLC+y (DeMali et al., 1997). Immunoprecipitates were incubated ininternalised in clathrin-coated veshicles and are either recycled
the presence of 20 mM PIPES, pH 7.0, 10 mM MnQ@O ug/ml  back to the membrane or sorted to lysosomes for degradation
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Fig. 1. PDGF-r tyrosine phosphorylation, internalisation and
ubiquitination during a time-course agonist stimulatiorlL(f
" NIH3T3 cells were serum starved for 24 hours and then stimulated
with 30 ng/ml PDGF-BB. PDGF-r was immunoprecipitated from
of{ ® lysates. (A) An anti-phosphotyrosine immunoblot is shown. The blot
— T was stripped and probed again with anti PDGF-r antibody (B).
0 20 40 60 80 100 120 PDGF-r internalization was evaluated by trypsin treatment as
time (min) reported in the Materials and Methods. In C, an anti-PDGF-r
immunoblot is shown and in D the anti-phosphotyrosine stripping
and reprobing is reported. In E, the plots of the normalised tyrosine
- ™. phosphorylation level of total PDGF-r and endosomic PDGF-r are
L reported (=4). In F, the immunoprecipitated total PDGF-r was
204 probed with anti-ubiquitin antibodies.

40

20+

PDGF-r phosphorylation (arb. units)

30+

directed proteolysis of the membrane-exposed receptor. The
endosomal PDGF-rl endosomic receptors are in fact the only ones retaining the
original molecular weight, whereas the receptor molecules,
which remain at the cell surface, are cleaved by trypsin. Our
results (Fig. 1C) indicate that receptor internalisation shows a
kinetic activity similar to receptor tyrosine phosphorylation,
' ' ' ' ' ' ' with a maximum 10 minutes after stimulation and then a
0 20 40 60 80 100 120 rapidly decrease. Tyrosine phosphorylation of the endosomic
time (min) receptor (Fig. 1D) increases within 10 minutes of the
stimulation, in agreement with previous observation by other
groups (Joly et al., 1995; Baker et al., 1990; Lohse, 1993). The
(Edinger et al., 1999). It has been reported that th&vel of tyrosine phosphorylation of the internalised receptor
internalisation of tyrosine kinase receptors depends on tyrosim®es not decrease as rapidly as that of the membrane-bound
phosphorylation of the receptor cytoplasmic domain and thatceptor, instead it remains high for at least 2 hours. Fig. 1E
this phosphorylation mainly targets activated receptors tehows the plot of the phosphorylation level of total PDGF-r
lysosomal degradation (Baker et al., 1990; Lohse, 1993). Weompared with that of the endosomic receptor.
analysed the level of receptor internalisation by trypsin Furthermore, it has been reported that PDGF-r
treatment of agonist-stimulated cells. This method allows downregulation could be achieved by proteasome-mediated
direct analysis of receptor endocytosis by means of trypsirdegradation of the ubiquitinated receptor (Miyake et al., 1998).

104

PDGF-r phosphorylation (arb. units)

-10
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We analysed the time course of PDGF-r ubiquitination ir A
PDGF-stimulated NIH3T3 cells and the results are shown i
Fig. 1F. Again, PDGF-r labelling with ubiquitin follows a

10" 45" 2h  PDGF stimulation

kinetic pattern similar to its tyrosine phosphorylation, showing ~ == == T= == —
a maximum 10 minutes after stimulation and slowly decreasin {5;;;;!’3%;{,_
thereafter.

Furthermore, in order to study the fate of PDGF-r upor
stimulation in NIH3T3 cells, we analysed the amount of tota
PDGF-r using a time course experiment with PDGF - 10" 45 2h 3h 10° 45 2h 3h PDGF stimulation
stimulation. The result (Fig. 2A) showed that the receptor leve
decreases by about 30% within 10 minutes of stimulation ar ¥l i = == W9 &% my == == —
then increases to 90% of the level seen in unstimulated cells ( e
indicated by densitometric analysis). Hence, it is likely that th
decrease in the total amount of PDGF-r in Fig. 2A during
agonist stimulation is only marginally caused by protein i )
degradation. In any case the amount of downregulation ¢ l '

PDGF-r by physical removal from the cell surface and/ol .--“"-‘
degradation is only a modest phenomenon. In order to confir
that the number of receptors that physically remain in the ce i
is relevant with respect to the amount of receptor eliminated

protein degradation, we analysed the ability of PDGF-r to b[ 1] —»

10° 45 2h 3h 10° 45 2h 3h PDGEF stimulation

IP: anti-PDGF-r
Wh: anti-PY20

restimulated after a first 3 hour long stimulation and the remov: ——

of agonist by acid wash. The results (Fig. 2B) indicate that afte >

the first treatment lasting 3 hours, PDGF-r is completely 2° > 5>
restimulated and shows a tyrosine phosphorylation level almo v
comparable with the original. A PDGF dose-response curve i T T

NIH3T3 indicates that 3 ng/ml of the growth factor saturate: -
the response. Using 30 ng/ml of PDGF in both treatments, w [ P | Acid wash

can exclude the possibility that the second increase in tyrosit add new PDGF
phosphorylation of PDGF-r was caused by a limiting dose c

PDGF during the first stimulation. Taken together these dafgg 2 Amount of PDGF-r upon agonist stimulation that is able to be

suggest that the physical degradation of PDGF-r during agonigdstimulated. £10° NIH3T3 cells were serum starved for 24 hours

stimulation is only a marginal phenomenon and that the maisnd then stimulated with 30 ng/ml PDGF-BB. PDGF-r was

part of the receptor is still able to be activated after the decreasemunoprecipitated from lysates. (A) Anti-PDGF-r immunoblot.

in its tyrosine phosphorylation. (B) Cells were stimulated with PDGF-BB during two time courses
for 10 minutes, 45 minutes, 2 hours and 3 hours for the first set, and
for 3 hours, before being washed and restimulated again for 10

Relevance of different downregulation mechanisms in minutes, 45 minutes, 2 hours and 3 hours for the second set. The
PDGF-r tyrosine phosphorylation antiphosphotyrosine immunoblot and the anti-PDGF-r normalisation
are shown.

Evaluation of the time course of each receptor downregulation
mechanism would allow us to discover which one is the most

relevant for mitotic regulation. Unfortunately, receptordoes not affect the tyrosine phosphorylation of the endosomic
dephosphorylation, receptor internalisation and ubiquitinatiomeceptor (Fig. 3B), which was analysed after trypsin treatment.
have a similar time course, each having a maximum activity IMG132 proteasome degradation inhibitor is efficient in
minutes after stimulation and a reduced activity thereafter. Thiecreasing the amount of ubiquitinated, but not degraded,
use of specific inhibitors of each mechanism could allow us t8DGF-r. (Fig. 3C, right panel). Similarly, hypertonic medium
elucidate which is the most potent in terms of PDGF-pretreatment of cells almost completely blocks PDGF-r ligand-
downstream signalling inactivation. In particular, we usednduced internalisation, as shown by trypsin treatment
pervanadate in order to block PTP activity in NIH3T3 cell upon(Fig. 3C, left panel). The inability of the block in receptor
PDGF treatment and MG-132 to selectively block ubiquitin-internalisation and proteasomal degradation to affect the
mediated protein degradation. The block in clathrin-mediatetlinetics of PDGF-r activation suggests that amongst the
endocytosis of PDGF-r was achieved by treatment with different downregulation mechanisms analysed the most
hypertonic medium containing 0.2 M sucrose (Lukaks et alsignificant is phosphotyrosine dephosphorylation, although
1997). The tyrosine phosphorylation level of total PDGF-r igeceptor internalisation retains a minor role. In addition, it is
shown in Fig. 3A; we demonstrate that only the block inlikely that PTP dephosphorylation has preferential membrane-
dephosphorylation with pervanadate leads to a long lastingssociated PDGF-r pools as targets.

hyperphosphorylation of the receptor. The block in clathrin-

mediated endocytosis leads to only a small delay in the kinetic ) ) _

activity of receptor activation, but not an upregulation, whereaelevance of the different downregulation mechanisms

the block in proteasomal degradation is ineffective in receptdd PDGF-r signalling

switching off. On the contrary, PTP inhibition by pervanadatBy means of experiments similar to those described in the
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previous section, we evaluated the activatic
the main early signal transduction pathw
elicited by PDGF, namely the PI3K and

mitogen activated protein kinase (MAF
pathways, during selective blocking of

downregulation mechanisms of PDGF-r.
particular, we were interested in clarifying
role of receptor internalisation in MAF
activation. In fact there are conflicting data
this point: receptor internalisation is gener
considered to be a downregulation mechal
for receptor signalling (Joly et al., 1995),

the endosomic receptor seems to me
mediate the activation of Shc and Grb2 (Ce
et al.,, 1998) and thus to have an intrit
positive role in signal transduction, at least
insulin receptor. We selectively block
ubiquitin-mediated degradation of PDG
(with  MG132), receptor internalisati
(with  hypertonic medium) or recept
dephosphorylation (with sodium pervanade
Lysates from these cells, stimulated or not
PDGF, were used to evaluate MAPK activa
(Fig. 4A). The results indicate that MAF
activation is considerably reduced by

inhibition of PDGF-r internalisation, wherea
is unaffected by the other treatments. He
we propose that neither receptor ubiqui
mediated degradation nor PDG
dephosphorylation are relevant for MAI
activation, as none of the treatments he
positive effect on signalling pathways. On
contrary, receptor internalisation seems tc
positively on MAPK activation pathway, as
inhibition by hypertonic medium leads tc
dramatic reduction in MAPK activation.

order to exclude the possibility that 0.2
sucrose suppresses MAPK pathway active
independently from PDGF-r internalisation,
checked its specificity in inhibiting a PDC
free system, namely integrin-induced MA
activation (Fig. 4B). The results confirm t
the 0.2 M treatment specifically inhibits PDC
induced MAPK activation, and it is particula
effective  on integrin-induced  MAP
activation. These data on PDGF-r are
agreement with others for different grov
factor receptors, for which it has be

A PDGF
100 45" 2h - 100 45 2h - 100 45 2h - 10" 45 2h stimulation
—
B N GEme o
+ 4+ o+ -+ o+ o+ -+ o+ o+ -+ o+ 4+ PDGF
+ + + + - - - - Pervanadate

- - - - - - - - - - - % + 4+ + Hyper.med

- - - + O+ o+ 4+ - - - - - - - - MG132
IP: anti-PDGF-r
Wh: anti-PY20
PDGF
10" 457 2h - 100 45 2h - 10" 45 2h - 100 45 2h stimulation

L T £ 2 12 3 LA T E L R R Rl

" -, —
+ + + - o+ + + -+ + o+ -+ o+ o+ PDGF
- - - - - - - + + o+ 4+ - - - - Pervanadate
+ + + + Hyper. med.
- - - + o+ o+ 4+ - - - - - - - - MG132
IP: anti-PDGF-r

Wh: anti-PDGF-r

Fig. 3. The effect of PDGF-r downregulation mechanisms on PDGF-r tyrosine
phosphorylation. 2108 NIH3T3 cells were serum starved for 24 hours and then
stimulated with 30 ng/ml PDGF-BB. (A) The hypertonic medium pNbMG132 was

added 30 minutes before stimulation, whereas 0.1 mM pervanadate was added together
with the growth factor. PDGF-R was immunoprecipitated from lysates, and an
antiphosphotyrosine immunoblot was performed. (B) Cells were treated as in A, and the
endosomic PDGF-r pool was analysed by trypsin treatment as reported in the

Materials and Methods. PDGF-r was immunoprecipitated from lysates, and an
antiphosphotyrosine immunoblot was performed. The blot was stripped and reprobed
with anti-PDGF-r antibodies for normalisation. (C) As a control for MG132 inhibition

of proteasome-mediated proteolysis of PDGF-r, an anti-PDGF-r immunoprecipitation

of PDGF-stimulated cells untreated or treated with MG132 was performed (right). The
analysis of the accumulation of ubiquitinated but not the degradation PDGF-r was
performed using an anti-ubiquitin immunoblot. The effect of sucrose treatment on the
inhibition of clathrin-mediated endocytosis was checked. The endosomic PDGF-r pool
was evaluated by trypsin treatment, as reported in the Materials and Methods.

demonstrated that the internalised receptor selectively signaisinsduction pathway, namely PI3K activation, is influenced

in the MAPK pathway (Ceresa et al., 1998; Chow et al., 1998pnly by PTP inhibition. Hence, we propose again that
It has been demonstrated that PI3K plays a major role iphosphotyrosine dephosphorylation is the most relevant

initiating PDGF-dependent DNA synthesis, whereas othesignalling inhibition system, awarding to receptor internalisation

signalling molecules are required only for other PDGF-mediated specific and positive role in MAPK signal transduction.

functions (Rosenkranz et al., 1999). We selectively blocked all

PDGF-r downregulation mechanisms, and the lysates from ) . .

PDGF-treated cells were used for the evaluation of PI3K activi:forrelatlon between PDGF-r tyrosine phosphorylation

(Fig. 4C). Our data indicate that only in cells treated withievel and cell cycle rate

pervanadate and PDGF is there an increase in PI3K activity with order to analyse the correlation between the tyrosine

respect to cells treated with PDGF alone, whereas the othphosphorylation level of PDGF-r and PDGF-r's main functional

treatments are almost ineffective. Taken together these findingsle, namely mitosis promotion, we used a dominant-negative

show that the main mitosis-correlated PDGF-induced sign&TP to increase the tyrosine phosphorylation level of the
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B PDGF phosphorylation level of the PDGF-r. Cells
overexpressing dnLMW-PTP were stimulated
with PDGF, and the tyrosine phosphorylation
level of PDGF-r was evaluated in comparison
o wt > —— ot with  mock-transfected cells in a Kkinetic
experiment. The results, shown in Fig. 5A, again
show that inhibition of PTP action on the
S R -k o+ o+ -+ 4 PDGF activated receptor leads to a long-lasting
+ 4+ 4+ + - - - - Ppervamadate INCrease in its tyrosine phosphorylation, a result
- . - - 4+ 4 + + Hyper.med COmparable to that obtained with pervanadate
(Fig. 3A).

The relevance of dephosphorylation of
PDGF-r for intracellular signalling pathways
leading to G1 phase progression was confirmed
ﬁ;‘mi',"]‘f&;f Trypsin treatment by means of dnLMW-PTP overexpression. We

ant- evaluated the potency of PDGF signalling by

PDGF cytofluorimetric analysis of cycling cells upon
100 45" 2h - 10° 45 2h - 100 48 2h - 10° 45 2h simultion P DGF treatment during the block of each of the
receptor downregulation mechanisms. NIH3T3
s L cells were serum starved for 24 hours and then
- - - - ﬂ-"' sl Lol stimulated with PDGF for 15, 17 and 20 hours.
- Unfortunately, treatment for a complete cell
o+ o+ -+ o+ o+ -+ o+ o+ -+ o+ 4 PDGF cycle with pervanadate, hypertonic medium and
MG132 does not permit cell survival. The use
of dnLMW-PTP allowed us to demonstrate that
the difference in tyrosine phosphorylation level
of PDGF-r in dnLMW-PTP-expressing cells
and mock-transfected ones leads to a more
rapid entry into G2/M phase, thus determining
T PG a decrease in cell cycle rate (Fig. 5B).
Wh: anti-PDGE-r Trypsin treatment Taken together, these data suggest that the
potency of the signal elicited by PDGF-r is
proportional to its tyrosine phosphorylation
C PDGF level, which, in turn (Fig. 3A,B), is influenced
100 45 2h - 10° 45 2h - 100 45 2h - 100 45 2h stimulation mainly by PTPs and marginally by receptor
S o+ o+ o+ 4 Hyper. Med.  internalisation but not by ubiquitination.

MGI132

+ + + + - - L
8 Ry | ; PDGF-r tyrosine phosphorylation
4 ' h ' ah ¥ regulation

The tyrosine phosphorylation level of PDGF-r

- 100 45 2Zh - 100 45 2h - 100 45 2h - 10" 45 2h stimulation

P - - - - - . . - MGIR

- I - - - - - + + + o+ - - - - Pervanadate
+ + + + Hyper. med.
- - - - + o+ o+ o+ - - - - - - - - MG132

Trypsin treatment during the 2 hour time course may be regulated
by the rate of phosphorylation and

IP: anti-PDGF-r IP: anti-PDGF-r dephosphorylation. In this light, we analyzed the

wb: anti-PDGF-r wb: anti-ubiquitin kinase activity of PDGF-r and PTP activity

during a 2 hour time course of PDGF
stimulation. The results of an in vitro PDGF-r
receptor. Dominant-negative PTPs are widely used to study thénase assay using immunoprecipitated PDGF-r from agonist-
action of these enzymes (Way and Mooney, 1993; Chiarugi stimulated cells is reported in Fig. 6A. The kinase activity of
al., 1995; Kenner et al., 1996; Ostmann and Bohmer, 2001) aRDGF-r shows a slow decrease during the first 2 hours,
commonly lead to an increase in tyrosine phosphorylation afuggesting that the rate of receptor activity does not remain
their PTP substrates. Many PTPs, such as LMW-PTP (Chiarugonstant over the 2 hour stimulation with PDGF. Pervanadate
et al., 1995), SHP-1 (Way and Mooney, 1993), DEP-IZreatment of NIH3T3 cells results in a rapid upregulation of
(Kovalenko et al., 2000) and others, act on phosphorylateedDGF-r kinase activity 10 minutes after stimulation, but not at
PDGF-r, although in many cases a clear specificity fotongertimes (Fig. 6A). PDGF-r kinase activity on an exogenous
dephosphorylation sites has not been demonstrated. In theabstrate such as P{C was monitored during pervanadate
study, we use dominant-negative LMW-PTP (dnLMW-PTP) treatment of cells (Fig. 6B), and results in agreement with the
which we have already reported to greatly increase the tyrosi®DGF-r autophosphorylation assay were obtained. This finding
phosphorylation level of PDGF-r (Chiarugi et al., 1995;suggests a role for PTPs in the regulation of the receptor activity
Chiarugi et al., 1998). In this work we exclusively use dnLMW-only at very short times of agonist stimulation. Kazlauskas
PTP, which is a useful tool to increase the tyrosingroposes that although the kinase activity of the receptor is
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Fig. 4. MAPK and PI3K pathway activation during PDGF-r
downregulation. £10° NIH3T3 cells were serum starved for 24

hours and then stimulated with 30 ng/ml PDGF-BB. 0.2 M sucrose
hypertonic medium (hyp) or|BM MG132 was added 30 minutes
before stimulation, whereas 0.1 mM pervanadate (van) was added
together with the growth factor. (A) 4@ of the total protein from
lysates was used for an anti-phosphoMAPK immunoblot.
Equalisation was confirmed by stripping the blot and reprobing with
anti-MAPK antibodies (data not shown). (B)10° NIH3T3 cells

were serum starved for 24 hours, then either stimulated with PDGF
for 10 minutes directly in the plastic dish or suspended for 30
minutes and then plated or not onto fibronectin-treated dishes for the
indicated times. 4ig of total protein from lysates was used for an
anti-phosphoMAPK immunoblot. Equalisation was confirmed by
stripping the blot and reprobing with anti-MAPK antibodies (data not
shown). (C) 40Qug of total proteins was used in a PI3K assay as
reported in the Materials and Methods. The results are representative
of at least three repetitions.
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regulated within the first 10 minutes of stimulation, otherreduces the intracellular,B2 concentration, or with diphenyl-
receptor functions persist for longer times (Bernard andbdide (DPI) (Fig. 7C), a strong and specific inhibitor of NADPH
Kazlauskas, 1999). We analysed the tyrosine phosphorylatimxidase. The results indicate that the inhibition of ROS
level of PDGF-r Tyr-857 (by means of anti-phospho-Y857-production leads to a dramatic decrease in tyrosine
PDGF antibodies), which is required for full activation of thephosphorylation of PDGF-r. In addition, we checked that neither
receptor kinase activity (Baxter et al., 1998), in pervanadatesatalase nor DPI influenced the tyrosine kinase activity of the
treated cells. The results, shown in Fig. 6C, indicate that theceptor (data not shown). We further verified that DPI and
phosphorylation of this residue is extremely transient, reachingatalase treatments greatly reduced the redox inactivation of PTPs
its maximum after 10 minutes and completely disappearinduring PDGF stimulation: for this purpose we use pNPP (Fig.
thereafter. Hence, it is likely that PTPs affect receptor kinaséD) and an in vitro phosphorylated PDGF-r (Fig. 7E) as
activity only after 10 minutes, because the phosphorylation fubstrates. It is likely that the decreased ROS concentration in
the tyrosine residue required for activation of receptor kinaskoth catalase and DPI-treated cells leads to a general upregulation
activity is available only during the first 10 minutes. of PTPs, which are not downregulated via oxidation, thus
PTP activity could be a housekeeping process or a finelgmaining fully active on phosphorylated PDGF-r.
regulated phenomenon. In particular, the downregulation of the On the basis of these data, we suggest that the tyrosine
PDGF-r tyrosine phosphorylation should caused by redophosphorylation level of PDGF-r is regulated positively by the
regulation of PTP activity during the stimulation processincrease in its tyrosine kinase activity only during the first 10
(Gstmann and Bohmer, 2001; Chiarugi et al., 2001). First, wminutes, and the activity rapidly decreasing thereafter. By
analyzed the PDGF-induced reactive oxygen species (ROS&dntrast, PDGF-r phosphorylation level is negatively
production in NIH3T3 cells (Fig. 7A), which reaches itscontrolled by PTPs, which act on both its tyrosine kinase
maximum 10 minutes after stimulation and rapidly declinesactivity and on the general tyrosine phosphorylation level.
within 20 minutes. These preliminary data are consistent with the
current hypothesis of a redox regulation of many PTPs by growth . o .
factor ROS production (Ostmann and Béhmer, 2001). In thi§DGF-r tyrosine phosphorylation is regulated in both of
light, we analysed the PDGF-r tyrosine phosphorylation level iffS distinct phases of signaling
a kinetic experiment during inhibition of ROS production. ForRecently, it has been demonstrated that prolonged and
this purpose we treated cells either with catalase (Fig. 7B), whiatontinuous exposure to growth factors is required to commit
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Fig. 5. Cell cycle analysis in dnLMW-PTP-expressing cells. (A1@® dnLMW-PTP- or mock-transfected NIH3T3 cells were serum starved

for 24 hours and then stimulated with 30 ng/ml PDGF-BB for the indicated times. Cells were then lysed and stained with dioielifor
cytofluorimetric cell cycle analysis with Cell FIT (Becton Dickinson) software. The results are representative of sevéicaigdpeti for

each of five independent clones). (B)L0P dnLMW-PTP- or mock-transfected NIH3T3 cells were serum starved for 24 hours and then
stimulated with 30 ng/ml PDGF-BB. PDGF-R was immunoprecipitated from lysates, and an antiphosphotyrosine immunoblot wed. perform
The blot was stripped and reprobed with anti-PDGF-r antibodies for normalisation. The results are representative aket ée@striments.

cells to the cell cycle (Jones and Kazlauskas, 2001). Igives rise to interesting results: the tyrosine phosphorylation
particular, the requirement for continuous exposure tdevel of PDGF-ris greatly influenced by LMW-PTP inhibition
mitogens can be replaced by two short pulses of growth factdooth at short and longer times (Fig. 9A), although it is more
one for 30 minutes at time zero and the second at 8 houysonounced at the shortest times. We suggest that LMW-PTP
These extremely important data give rise to the hypothesis thatts on phosphorylated PDGF-r throughout the time that it
the PDGF receptor may remain tyrosine phosphorylated for @mains phosphorylated and not only for the initial phase of
very long time, as PDGF-activated signalling moleculessignalling.
continue to signal up to 8 hours. This hypothesis is supported The main role of the PI3K pathway downstream of the
by the data of Bernard et al., which demonstrated that theecond pulse (8 hours) of PDGF stimulation has been
phosphorylation of the different tyrosines in PDGF-r isunequivocally demonstrated by Jones et al. (Jones et al., 1999).
temporal and spatial controlled (Bernard and Kazlauskasn fact, synthetic PI3K lipid products can entirely and uniquely
1999), thus suggesting that although the kinase activity of th@imic the second pulse of PDGF stimulation. To confirm our
receptor is regulated within the first 10 minutes of stimulationfindings for the role PTP in the later phase of signalling, we
other receptor functions, and in particular PI3K activationanalysed the behaviour of the PI3K pathway throughout a 9
persist for longer times. We analysed the tyrosineéhour time course of PDGF stimulation. We analysed the PI3K
phosphorylation level of PDGF-r in NIH3T3 cells in a 0-9 houractivity in a time course experiment (Fig. 9B) in cells
time course experiment. The results, reported in Fig. 8Aexpressing dnLMW-PTP in comparison with mock-transfected
suggest that PDGF-r remains tyrosine phosphorylated for ugells. The results reveal that PTP inhibition leads to enhanced
to 8 hours, although it reaches its maximum level after 1®13K activity in both the immediate (10 minute) and the tardier
minutes and then remains at lower levels. It is likely that5-8 hours) waves of phosphoinositide production. Taken
although after a very short time the receptor becometogether, these findings suggest that PTPs work throughout the
phosphorylated at nearly all its tyrosines, fewer tyrosineperiod of PDGF-r phosphorylation, probably acting on the
remain phosphorylated after a longer time, thus giving a&pecific residue/s that remains phosphorylated for up to 8
general anti-phosphotyrosine immunoblot signal lower than dtours.
10 minutes.

In order to study PDGF-r downregulation during prolonged )
growth factor stimulation, we first analysed the amount oPiscussion
PDGF-r in a 0-9 hour time course experiment. Fig. 8B showkigand binding to plasma membrane receptors initiates a series
that the level of total PDGF-r decreases at 10 minutes, probabdy events culminating in a variety of changes in cellular
because of degradation, but then remains almost constant fanenotypes. The specific and precise signalling of tyrosine
the next 9 hours. These preliminary data suggest that the longnase receptors requires that both the intensity and the
lasting downregulation of PDGF-r is not mediated by proteirduration of the elicited signals be tightly regulated. Although
degradation either lysosomal or proteasomal. The role of PTP&imerous publications have documented the activation
in the long-lasting PDGF-r downregulation can be elucidategathways of membrane receptors and signalling molecules,
by pervanadate-treated cells or by dnLMW-PTP-expressinelatively few investigations have focused on downregulation
cells. Unfortunately 8-9 hours of pervanadate treatment is natechanisms, which terminate the signal elicited by growth-
compatible with cell life. By contrast, dNLMW-PTP expressionfactor—receptor interaction. The current view reports that
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Fig. 6. PDGF-r kinase activity during PTPs inhibition. (A,By1I0°
NIH3T3 cells were serum starved for 24 hours and then stimulated
1 unstimulated with 30 ng/ml PDGF-BB and with the growth factor together with
N 10' PDGF 0.1 mM pervanadate. PDGF-r was immunoprecipitated from lysates,
[_145'PDGF and an immunokinase assay was performed as reported in the
kzzA2h PDGF Materials and Methods. PDGF-r autophosphorylation kinase activity
is reported in A and PDGF-r kinase activity towards GST+ALIE
reported in B. The ratio between the densitometric analyses of kinase
assays and normalization blots (anti PDGF-r or antiyBLC
immunoblots) is shown in both A and B. (Q310° NIH3T3 cells
were serum starved for 24 hours and then stimulated with 30 ng/ml
PDGF-BB and with the growth factor together with 0.1 mM
pervanadate. PDGF-r was immunoprecipitated from lysates and an
[S— anti-phospho-Tyr857 immunoblot was performed. Equalisation was
untreated pervanadate 0,1 mM checked by stripping the blot and reprobing with anti-PDGF-r
antibodies. The results are the means of at least three experiments.
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PDGF-r autophosphorylation activity >

endocytic veshicle. C-Cbl-mediated ubiquitination of
[ unstimulated activated PDGF-r also terminates signalling by marking active
NN receptors for degradation (Joazeiro et al., 1999; Miyake et al.,
1999). The ubiquitinated receptors are targeted to the
proteasomal machinery for destruction. @Gaenorhabditis
elegansthe c-cbl homologue gene has been genetically
defined as a negative regulator of RTKs (Yoon et al., 1995),
and in mice pre-B lymphomas and myeloid leukemias have
been correlated with the viral oncogenebl (Langdon et al.,
1989). Furthermore c¢-Chl overexpression enhances the
ubiquitination and degradation of PDGF-r (Miyake et al.,
322 1998). Finally, RTK downregulation could be achieved by the
untreated pervanadate 0,1 mM orchestrated action of PTPs, which terminate the output
signals by dephosphorylating the activated receptors
R (Ostmann and Bohmer, 2001). Among the PTPs that act on
C ] ) RTK, we include LMW-PTP (Chiarugi et al., 1995), SHP-1
0 10745 2h 0 10" 45" 2h PDGF stimulation (Way and Mooney, 1993), SHP-2 (Qi et al., 1999), DEP-1
a8 - (Kovalenko et al., 2000), PTP1B (Flint et al., 1997) and some
o - IP: anti. PDGF-r others. It appears that there is no selectivity amongst PTPs,
Whb: anti-P-Tyr857 that is, many PTPs can interact with more than one RTK and
vice versa (Ostmann and Bohmer, 2001), although cell- and
untreated Pervanadate 0,1 mM tissue-specific expression of PTPs and RTK may provide a
level of selectivity.
1R 1 1 IP: anti. PDGF-r The aim of this work was to compare the different
Whb: anti-PDGF-r downregulation mechanisms acting on PDGF-r. In particular,
we wanted to distinguish between the efficiency of transient
molecular modifications of PDGF-r leading to the
downregulation of membrane-bound receptors or the
receptor endocytosis is the main downregulation mechanisoestruction of the PDGF-r molecule by one of the possible
(Leof, 2000). Perhaps the first evidence supporting a clearinoteolysis mechanisms. The data presented herein, using
function for the endocytotic system was the finding that failureéyrosine kinase receptors as a model, suggested that the
of downregulation of epidermal growth factor receptors result&inetics of tyrosine phosphorylation of PDGF-r are comparable
in increased signalling and in some cases enhancedth its ligand-induced internalisation and with its
tumorigenesis (Wells et al., 1990). Although there is somebiquitination (Fig. 1A,C,D). The coexistence of both the peak
evidence favouring growth factor signalling in the absence off activation of the signal (i.e. the tyrosine phosphorylation of
significant endocytic activity, there is now a similar body ofthe PDGF-r) and of the maximum of endocytosis and
literature supporting a role for endosomes in either initiatingibiquitination could support the hypothesis of a signalling role
or extending the signal elicited at the plasma membran®r both mechanisms instead of them being termination
(Kranenburg et al., 1999; Vieira et al., 1996; Burke et al.systems. By contrast, ligand-induced PDGF-r degradation,
2001). Clathrin-coated vesicles derived from agonist-mediate€ither obtained by clathrin-mediated endocytosis and
endocytosis could be recycled back to the plasma membrahesosomal delivery or ubiquitin-elicited proteasomal
or targeted to the lysosomal compartment. The regbroteolysis, is actually a system to limit the availability of
downregulation of growth factor receptors induced bytransducing receptors. Our data suggest that PDGF-r
endocytosis could be mediated by lysosomal degradation of tlikestruction is a marginal phenomenon occurring either for a

(arbitrary units)

PDGF-r kinase activity on GST-PLCyl w
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Fig. 7.PDGF-r phosphorylation during inhibition of ROS
production. (A) The time course of ROS production in PDGF-
stimulated NIH3T3 was checked by DCF-DA oxidation using
cytofluorimetric analysis as reported in the Materials and Methods. (B} NIH3T3 cells were serum starved for 24 hours, pretreated or
untreated with Jug/ml catalase (B) or 5aM DPI (C) and then stimulated with 30 ng/ml PDGF-BB. PDGF-r was immunoprecipitated from
lysates, and an antiphosphotyrosine immunoblot was performed. Equalisation was checked by stripping the blot and repaoiiRD@ &

r antibodies. The ratios of the densitometric analyses of anti-phosphotyrosine and anti-PDGF-r signals are reported (DERRTE.

assay of lysates from PDGF-stimulated cells. Cells were pretreated or untreated with DPI or catalase for 30 minutesrantatbéricstthe
indicated times with PDGF-BB. PTP activity on PNPP or on in ¥&Reautophosphorylated PDGF-r is shown in D and E, respectively. The
results are representative of at least three independent experiments.

unst. 10’ 4 12 unst. 10 45' 120
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short time (Fig. 2A) or for longer, lasting growth factor PDGF-r tyrosine phosphorylation level, although they do not
stimulation (Fig. 9B). We evaluated the reduction in theexclude a minor role for receptor endocytosis. Inhibition of
amount of total PDGF-r during agonist treatment, and found ibiquitination has almost no effect on PDGF-r tyrosine
to be reduced by 30%: this decrease could not account for tplosphorylation, although blocking of clathrin-mediated
strong decline in PDGF-r tyrosine phosphorylation (Fig. 1A)endocytosis causes a small delay in PDGF-r activation.
and of intracellular signalling pathway activation (Fig. 3A, Fig.Furthermore, our data suggest that ligand-induced PDGF-r
4A,B). In addition, we demonstrated that the main part of thenternalisation retains its role in MAPK pathway signal
receptor remains available for further stimulation (Fig. 2B)transduction. These data are in agreement with previous reports
Our data could not completely exclude a possible refilling obn inhibition of clathrin-mediated insulin receptor endocytosis
membrane-exposed receptors with newly synthesised PDGF(Geresa et al., 1998), which demonstrate a selectivity in
thus contributing to the total amount of PDGF-rs. It has beeattenuation of Shc tyrosine phosphorylation and MAPK
reported that upon agonist stimulation, PDGF-r expression @ctivation. In addition, Burke has recently demonstrated that
repressed during the G1 phase by the c-Myc transcriptioepidermal growth factor signalling is regulated by endocytosis
factor (Oster et al., 2000). For this reason we suppose thand intracellular trafficking (Burke et al., 2001). Taken together
receptor refilling could contribute only marginally to receptorthese data suggest that the modifications that PDGF-r
availability after agonist stimulation. The use of selectiveundergoes during agonist stimulation do not involve protein
inhibitors for anyone of the PDGF-r signalling terminationdestruction (i.e. lysosome delivery after internalisation or
systems point towards PTPs as the main regulators abiquitin-mediated proteolysis is not needed) but leave the



2230 Journal of Cell Science 115 (10)

A A .
0 100 2h 4h  7h 8h  9h PDGF stimulation . liglsgnsléited
[—J 2h PDGF
< [ 4h PDGF 10,7
. 12- [0 7h PDGF
IP: anti PDGF-r .5 — SE EBgE
-a- Wb: anti-PY20 5 ol —
s E2
g
ba Sw
£5
B oM
0O 10 2h 4h 7h 8 9h PDGF stimulation £ g
i - oL
28
. . . . . IP: anti PDGF-r I
Wh: anti- PDGF-r o
al
o
0

Fig. 8. PDGF-r and PDGF-r phosphorylation persist for many hours. mock ' dnLMW-PTP
1x10° NIH3T3 cells were serum starved for 24 hours then stimulatec
with 30 ng/ml PDGF-BB for the indicated times. PDGF-r was
immunoprecipitated from lysates and an antiphosphotyrosine B
immunoblot was performed (A). The blot was stripped and reprobec 2500007
with anti-PDGF-r antibodies (B). 1

200000 A

receptor molecule at the plasma membrane available for furth
activation.

Receptor tyrosine phosphorylation is a key event in th
regulation of many intracellular transduction pathways. SH2
containing proteins involved in signal transduction are
recruited to the plasma membrane through their selecti
interaction with different phosphotyrosines in the activatec
receptors. The inhibition of PTP action, either achieved witl
pervana_date treatment (Fig. 3A) or vyith dnLMW—PTP ectop.i( O 0 o ah 7h h on T 10 2h an 7h &' oh
expression (Fig. 5A) causes an increase in the tyrosir mock dnLMW-PTP
phosphorylation of PDGF-r. This increase causes an
and leads to an increase in G1 cell cycle phase rate (Chiar%ﬁsm cells were serum starved for 24 hours, then stimulated with

et al., 1998). The importance of the PI3K pathway for mitotic? "9/ml PDGF-BB for the indicated times. (A) PDGF-r was
munoprecipitated from lysates, and an antiphosphotyrosine

entry has already been reported by Kazlauskas in 1gq§:munoblot was performed. Equalisation was checked by strippin
(Rosenkranz et al., 1999). They showed that PDGF-dependept pjot and reprcf)bing with ant?—PDGF-r antibodies. The ?/atio PPN
DNA synthesis was strictly dependent on only one of thgetween the densitometric analyses of anti-phosphotyrosine and anti-
receptor elicited signalling routes, PI3K. Many others enzymesDGF-r signals is shown. (B) Lysates were used for the PI3K assay
are essentially required for other PDGF-mediated functiorgs reported in the Materials and Methods.
such as chemotaxis. In this light, MAPK activation might
depend on signalling from the endosomic receptors, whereas
PI3K recruitment and activation and consequently mitotiqRhee, 2000). Furthermore, EGF-r stimulation is paralleled by
entry, rely on tyrosine phosphorylation of plasma membrana transient oxidation of PTP1B, and PDGF-r is accompanied
receptors. by a temporary oxidation of LMW-PTP (Chiarugi et al., 2001).
The tyrosine phosphorylation level of a particular RTK isOur analysis of the tyrosine kinase activity of the receptor
given by the ratio between its intrinsic tyrosine kinase activityduring inhibition of PTPs by pervanadate suggests that PTPs
and the coordinated activity of PTPs. The receptor tyrosinaffect the kinase activity of the receptor only for the first 10
kinase activity is believed to be controlled by agonist-inducedninutes, probably by dephosphorylating the kinase loop
dimerisation of the receptor and by the transphosphorylatiotyrosine residue Tyr857. After this time, PTPs no longer
of a regulatory tyrosine, Tyr857, located in an activation loopnfluence receptor tyrosine kinase activity, in agreement with
(Kazlauskas and Cooper, 1989). Recent data suggest thmevious reports that suggest that Tyr857 is only briefly
inhibition of PTP activity occurs after RTK dimerization and phosphorylated (Bernard and Kazlauskas, 1999; Rosalind et
thereby also contributes to receptor tyrosine phosphorylatioal., 1996). Inhibition of the production of ROS in PDGF-
levels. Oxidation of the active site cysteine residue b®H stimulated cells, either achieved by catalase pre-treatment or
has been identified as a mechanism for negative regulation mhibition of the NADPH oxidase by DPI, leads to the
PTPs (Lee et al., 1998). Interestinglya®d is produced after reduction of the potency of the PDGF-elicited signal, that is, a
the stimulation of various RTK, such as PDGF-r, epidermatiecrease in the tyrosine phosphorylation level of the receptor.
growth factor receptor (EGF-r), insulin receptor and otherdhe effects of catalase and DPI indicate that inhibition of PTPs

150000

100000

50000 -

PI3K activity (cpm/min)




New perspectives in PDGF receptor downregulation 2231

has an important role in RTK signalling and that the rescue of In conclusion we propose a model of PDGF-r
the catalytic activity of PTPs after oxidation is followed by adownregulation in which the level of ligand-induced
dephosphorylation of the activated receptor, thus terminatinigpternalised tyrosine-phosphorylated receptors does not only
the signal. In view of this, we propose that during the first 1@lay a termination role but also is a positve MAPK
minutes after stimulation the receptor tyrosine phosphorylatioactivation/transduction signal. PDGF-r protein destruction via
level increases due to its intrinsic kinase activity and inhibitionysosomal or ubiquitin-mediated proteolysis plays a marginal
of PTPs via oxidation. By contrast, during the second phase able, and the main part of the activated receptor is simply
the stimulation, the phosphorylation level of the receptodephosphorylated by the concentrated action of PTPs. These
declines as a function of the rescue (via reduction) of PTBnzymes, which are inhibited by the production of ROS owing
activity. This dephosphosphorylation closes the signal elicitetb growth factor stimulation and reactivated thereafter by
from the receptor. physiological thiols, are crucial for terminating the PDGF-r
Many studies have shown that in order to enter the S phasesifnal through a time-dependent dephosphorylation of
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