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In contrast to direct activation of platelet-derived growth factor (PDGF) receptor o (PDGFR«) via PDGF,
indirect activation via growth factors outside the PDGF family failed to induce dimerization, internalization,
and degradation of PDGFRa. Chronically activated, monomeric PDGFRa induced prolonged activation of Akt
and suppressed the level of p53. These events were sufficient to promote both cellular responses (proliferation,
survival, and contraction) that are intrinsic to proliferative vitreoretinopathy (PVR) and induce the disease
itself. This signature signaling pathway appeared to extend beyond PVR since deregulating PDGFRa in ways
that promote solid tumors also resulted in chronic activation of Akt and a decline in the level of p53.

Proliferative vitreoretinopathy (PVR) is an example of a
human disease for which current therapies are unsatisfactory.
PVR occurs in 5 to 11% of patients that undergo retinal sur-
gery to correct a detached retina (24). Repeat surgery is the
only effective treatment option (11); however, the risk of a
recurrent episode of PVR is substantial, and anatomical suc-
cess is attained in only 60 to 80% of individuals who undergo
this procedure (10, 46). A variety of pharmacological ap-
proaches have been tested, yet they have not proven effective
(4, 57, 63). Thus, there is an acute need for new therapy
options for individuals who are afflicted by this blinding dis-
ease. In the United States alone, between 1,687 and 3,712
patients succumb to PVR every year (23, 64).

A proven approach for developing new therapies is to iden-
tify molecular mediators of key events driving pathology. For
instance, identification of proangiogenic factors such as vascu-
lar endothelial growth factor (VEGF) has led to development
of anti-VEGF-based therapies, which have revolutionized
treatment of patients with the neovascular form of age-related
macular degeneration (21, 26, 53, 62). Similarly, inroads into
our appreciation for how PVR develops have led to both gene
therapy- and pharmacology-based approaches for preventing
experimental PVR (30, 40, 66).

Mislocalization of cells into the vitreous, an event that oc-
curs when the retina tears and/or detaches, is one of the events
that contribute to the development of PVR (38). The vitreous
contains many growth factors and cytokines (38), which pro-
mote cellular responses (survival, proliferation, extracellular
matrix production, and contraction) that are intrinsic to the
formation of an epiretinal membrane, its contraction, and its
resultant retinal redetachment, i.e., PVR (38).

Platelet-derived growth factor receptor o (PDGFRa) is
strongly implicated in both clinical and experimental PVR
(38). It is present and activated in human PVR membranes
(12, 13, 51). Expression of a functional PDGFRa profoundly
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increases the ability of cells to induce experimental PVR (3,
32). In light of the fact that vitreous from humans or animals
that are experiencing PVR have high levels of PDGF isoforms
that activate PDGFRa (36), we were surprised to find that
neutralizing them did not effectively protect rabbits from de-
veloping PVR (41). Rather, PVR was being driven by indirect
activation of PDGFRa, which occurred in response to vitreal
growth factors outside the PDGF family (non-PDGFs) (41).

Direct activation of PDGFRa is a well-studied sequence of
events in which PDGF assembles PDGFR monomers into a
dimer and thereby robustly activates the receptor’s kinase.
PDGFRa activated in this way engages internalization and
degradation of the receptor, which limits its output. Indirect
activation of PDGFRa proceeds intracellularly. Non-PDGFs
increase the level of reactive oxygen species (ROS), which
activate Src family kinases (SFKs) that facilitate indirect acti-
vation of PDGFRa (37).

While indirect activation of growth factor receptors (also
called transactivation) has been reported, and the mechanism
by which indirect activation proceeds has been studied (14, 25,
28, 37, 44, 45, 50, 58, 60), little is known regarding how an
indirectly activated receptor propagates intracellular signaling
events (7). Since such signaling is tightly associated with pa-
thology (41), identification of the key players and pathways was
an opportunity to build the conceptual foundation necessary to
develop effective therapeutic options for individuals afflicted
by PVR.

MATERIALS AND METHODS

Major reagents. Recombinant human PDGF-A was purchased from Pepro-
tech, Inc. (Rocky Hill, NJ). Antibodies against PDGFRa, phospho-Akt (p-Akt)
(S473), Akt, phospho-Erk, Erk, phospho-Akt substrate, and p53 (catalogue no.
2524) were purchased from Cell Signaling (Danvers, MA). Antibodies against
phospho-Mdm2 (S166) and Mdm2 were from SAB Signalway (Pearland, TX)
and ABGENT (San Diego, CA), respectively. The two antiphosphotyrosine
antibodies, 4G10 and PY20, were purchased from Upstate (Lake Placid, NY)
and BD Transduction Laboratories (Madison, WI), respectively. Phospho-
PDGFRa (Y742) was described previously (40). Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG and goat anti-mouse IgG secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced
chemiluminescence substrate for detection of HRP was from Pierce Protein
Research Products (Rockford, IL). The cell surface protein isolation kit (EZ-link
sulfo-NHS-SS-biotin) and BS* (C,sH;sN,Na,0,,S,) cross-linker were pur-
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chased from Pierce. Cycloheximide was purchased from Sigma (Saint Louis,
Missouri).

Cell culture. Primary mouse embryo fibroblasts (MEF) (wild-type [WT]
p53*/* or mutant p53~/") were generous gifts from Tyler Jacks (David H. Koch
Institute for Integrative Cancer Research, Massachusetts Institute of Technol-
ogy, Cambridge, MA).

F, Fa, FaAx, FB, and R627 cells were previously described (3, 37, 54). Briefly,
they are mouse embryo fibroblasts derived from mice null for both pdgfr genes.
They were immortalized with simian virus 40 (SV40) T antigen. Fa, R627, or
FaAx cells are F cells in which we reexpressed human PDGFRa that was the
full-length receptor, the full-length kinase-inactive mutant, or the mutant lacking
the majority of the extracellular domain, respectively.

Primary rabbit conjunctiva fibroblasts (RCF) were isolated from rabbit con-
junctiva as previously described (47). MEF, F, Fa, FaAx, and RCF cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; high glucose;
Gibco-BRL, Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS; Gemini Bio Products, Calabasas, CA), 500 U/ml of penicillin, and 500
pg/ml of streptomycin. 293GPG cells (49) were cultured in DMEM supple-
mented with 10% FBS, 2 mM L-glutamine, 1 ug/ml tetracycline (Sigma), 2 pg/ml
puromycin (Sigma), 0.3 mg/ml G418 (Sigma), 16.7 mM HEPES (Invitrogen).
The medium used during virus collection from 293GPG cells was DMEM sup-
plemented with 10% FBS, 2 mM L-glutamine, 16.7 mM HEPES. All cells were
cultured at 37°C in a humidified 5% CO, atmosphere.

Overexpression of PDGFRa in MEF. Retroviral constructs (pLHDCX? and
pLHDCX?-PDGFRa) were transfected into 293GPG cells by use of Lipo-
fectamine plus (Invitrogen). Virus-containing medium was collected for 5 days
and then concentrated (25, 000 X g for 90 min at 4°C). MEF cells were infected
by incubating cells with the concentrated retrovirus in DMEM supplemented
with 10% FBS and 8 pg/ml Polybrene (hexadimethrine bromide) (Sigma) for
24 h. Successfully infected cells were selected in histidine-free DMEM supple-
mented with 5 mM histidinol (Sigma). The level of PDGFRa in the resulting
cells was determined by Western blotting using an anti-PDGFRa antibody.

Mutagenesis of PDGFRa and expression in cells. PDGFRaAxM was
PDGFRaAx (41) in which both Tyr 731 and Tyr 742 were changed to Phe in
accordance with instructions provided with the QuikChange XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The mutagenic primers (positions
2329 to 2384) were 5'-CAATGGTGACTTCATGGACATGAAGCAGGCTGA
TACTACACAGTTTGTCCCCATGC-3' and its complement. The V842 mutant
(Asp at 842 changed to Val) was made using the same strategy, and the muta-
genic primers (positions 2660 to 2689) were 5'-GCCTGGCCAGTCATCATGC
ATGATTCG-3" and its complement. The sequencing primers to confirm the
point mutations were (for positions 2120 to 2139) 5'-GTAAACTTGCTGGGA
GCCTG-3" and (for positions 2491 to 2515) 5'-CCTTTCAGATGATAACTCA
GAAGGC-3', respectively. The primers were synthesized by the DNA core
facility of Massachusetts General Hospital (MGH) (Boston, MA). The PDGFRa«
mutants were subcloned into the pLHDCX? retroviral vector. This resulting
constructs were transfected into 293GPG cells (49), and the resulting virus was
used to infect either F or MEF cells. The successfully infected cells were selected
for their ability to proliferate in histidine-free medium containing histidinol (5
mM). Expression of the PDGFRa mutants was determined by Western blotting
using an anti-PDGFRa antibody.

Suppression of PDGFRa expression in MEF. An oligonucleotide (CCTGGA
GAAGTGAGAAACAAA) corresponding to NM_011058.1-937 in a hairpin-
pLKO.1 lentiviral vector, the packaging plasmid (pPCMV-dR8.91), the envelope
plasmid (VSV-G/pMD2.G), and 293T packaging cells were from Dana-Farber
Cancer Institute/Harvard Medical School (Boston, MA).

To prepare PDGFRa short hairpin RNA (shRNA) lentivirus, a mixture of
packaging plasmid (900 ng), envelope plasmid (100 ng), hairpin-pLKO.1 vector
(1,000 ng) (or a hairpin-pLKO.1 vector containing the PDGFRa shRNA oligo-
nucleotide), and TransIT-LT1 were mixed and incubated at room temperature
for 30 min. The transfection mixture was transferred to 293T cells that were
approximately 70% confluent. After 18 h, the medium was replaced with growth
medium modified to contain 30% serum, and virus was harvested at 40 h post-
transfection. The viral harvest was repeated at 24-h intervals 3 times. The virus-
containing medium was pooled and centrifuged at 800 X g for 5 min, and the
supernatant was used to infect MEF. The successfully infected cells were selected
for the ability to proliferate in medium containing puromycin (1 pg/ml). The
resulting cells were characterized by Western blot analysis using an antibody
against PDGFRa.

Immunoprecipitation and Western blot analysis. Cells (90% confluence) were
cultured in DMEM without serum for 24 h and then treated with PDGF-A (50
ng/ml) or normal rabbit vitreous (RV) (in which PDGF is undetectable by
enzyme-linked immunosorbent assay [ELISA] [41]) for 10 min. The cells were
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washed twice with ice-cold phosphate-buffered saline (PBS) and then lysed in
extraction buffer (EB; 10 mM Tris-HCI, pH 7.4, 5 mM EDTA, 50 mM NaCl, 50
mM NaF, 1% Triton X-100, 20 pg/ml aprotinin, 2 mM Na;VO,, 1 mM phenyl-
methylsulfonyl fluoride). Lysates were clarified by centrifugation at 13,000 X g at
4°C for 15 min, and PDGFRa was immunoprecipitated from the lysates as
previously described (37). The antibodies for immunoprecipitation and Western
blot analysis were a crude rabbit polyclonal anti-PDGFRa antibody (27P) and a
1:1 mixture of antiphosphotyrosine antibodies (4G10/PY20), respectively. The
primary blotted membrane was stripped and reprobed with an anti-PDGFRa
antibody.

Collagen gel contraction assay. The gel contraction assay was performed as
previously described (22, 31, 41). Briefly, cells were suspended in 1.5 mg/ml of
neutralized collagen I (Inamed, Fremont, CA) (pH 7.2) at a density of 10°
cells/ml and transferred into a 24-well plate (Falcon, Franklin Lakes, NJ) that
had been preincubated with PBS-5 mg/ml bovine serum albumin (BSA) over-
night. The gel was solidified by incubation at 37°C for 90 min and then overlaid
with 0.5 ml DMEM or 1:1 DMEM-RV. The gel diameter was measured on days
1,2, 3 and 4 and was initially 15 mm. The area was calculated using the formula
3.14 X (diameter/2)% Each experimental condition was assayed in duplicate.

Cell proliferation assay. Cells were seeded into 24-well plates at a density of
30,000 cells/well in DMEM-10% FBS. After the cells had attached (approxi-
mately 8 h), the medium was aspirated and the cells were rinsed twice with PBS
and cultured in serum-free DMEM or DMEM-RYV (1:1). The cells were counted
in a hemocytometer on days 1, 2, 3 and 4; at least three independent experiments
were performed.

Apoptosis assay. Cells were seeded into 60 mm-dishes at a density of 1 x10°
cells per dish in DMEM-10% FBS. After the cells had attached, they were
treated as described for the proliferation assay. On day 3, the cells were har-
vested and stained with fluorescein isothiocyanate (FITC)-conjugated annexin V
and propidium iodide according to the instructions provided with the apoptosis
kit (BD Biosciences, Palo Alto, CA). The cells were analyzed by flow cytometry
in a Beckman Coulter XL instrument (39). At least three independent experi-
ments were performed.

P53 reporter assay. Oligonucleotides containing the p53 binding element (re-
porter) (34) 5'-CACGTTTGCCTTGCCTGGACTTGCCTGGCCTTGCCTTG
GACATGCCCGGGCTGTCAGATCTGGGTATATAATGGA-3" and its mu-
tant 5'-CACGTTTTAATTTAATTTAATTTAATTTAATTTAATTGGACAT
TAACGGGCTGTCAGATCTGGGTATATAATGGA-3" were synthesized by
the DNA core facility of MGH and subcloned into the pGL3-basic vector en-
coding firefly luciferase (Promega, Madison, WI) by restriction endonucleases
Kpnl/HindIII. The resultant vectors pGL3-p53 wt and pGL3-p53 mt were con-
firmed by DNA. MEF and MEF p53 /" (negative controls) were cultured in
96-well plates to 90% confluence, and transfected with pGL3-p53 wt or pGL3-
p53 mt plus pRL-RK encoding Renilla luciferase in accordance with the manu-
facturer’s instructions (dual-luciferase reporter assay system; Promega).

At 24 h posttransfection, the cells were treated with PDGF-A (50 ng/ml) or
RV (1:1 dilution in PBS). Two hours later, the cells were washed in PBS and
lysed in passive lysis buffer (Promega) by gentle rocking for 15 min. The lysates
were mixed with luciferase assay reagent IT (LAR II; Promega) in a luminometer
tube, and firefly luciferase activity was recorded. Stop & Glo reagent (Promega)
was subsequently added, and Renilla luciferase activity was determined.

Half-life-of-PDGFRa« assay. Fa cells that reached 80% confluence in 24-well
plates were starved for 24 h, pretreated with cycloheximide (1 mM) for 30 min,
and then treated with PDGF-A (50 ng/ml) or RV (1:1 in DMEM) for 5, 10, 30,
and 120 min. The cells were washed twice with PBS and lysed in SDS-PAGE
sample buffer. Equal volumes of the lysates were subjected to SDS-PAGE and
Western blot analysis using antibodies against PDGFRa. To independently as-
sess the level of loading among samples, the membrane was subsequently
stripped and reprobed with an anti-RasGAP antibody.

Internalization assay. Fa cells were grown to 90% confluence, starved for
24 h, pretreated with cycloheximide (1 mM) for 30 min, and then treated with
either PDGF-A (50 ng/ml) for 10, 30, and 60 min or RV (1:1 in DMEM) for 30
and 60 min. Cell surface proteins were isolated in accordance with the instruc-
tions provided with the Pierce cell surface protein isolation kit (Pierce). Briefly,
cells were washed twice with PBS, and sulfo-NH-SS-biotin (0.25 mg/ml in PBS)
was added. After the dishes were rocked for 30 min at 4°C, quenching solution
was added, the cells were washed twice with PBS, extraction buffer (EB) was
added, and the dishes were rocked at 4°C for 30 min. The lysates were centri-
fuged for 15 min at 13, 000 X g at 4°C, and the supernatants were added to
EB-washed NeutrAvidin agarose and incubated for 60 min at room temperature
with end-over-end mixing. The NeutrAvidin agarose was washed 5 times with
radioimmunoprecipitation assay (RIPA) buffer, and the proteins that remained
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bound were eluted in SDS sample buffer and subjected to Western blot analysis
with antibodies against PDGFRa and Axl (as a loading control).

Dimerization assay. Fa cells that reached 90% confluence in 6-well plates
were starved for 24 h and treated with PDGF-A for 1 and 3 min or RV for 3 and
60 min. Subsequently, the cells were washed with ice-cold PBS and incubated
with BS® solution (2 mM) for 30 min on ice with gentle shaking. The cross-linking
reaction was terminated by adding Tris (20 mM) for 5 min at room temperature.
The cell lysates were harvested in EB buffer, and the clarified lysates were
subjected to Western blot analysis using an anti-PDGFRa antibody.

Rabbit model for PVR and preparation of rabbit vitreous. Pigmented rabbits
were purchased from Covance (Denver, PA). PVR was induced in the right
rabbit eye as previously described (3, 47). Briefly, a gas vitrectomy was performed
by injecting 0.1 ml of perfluoropropane (C;Fg) (Alcon, Fort Worth, TX) into the
vitreous cavity 4 mm posterior to the corneal limbus. One week later, all rabbits
received two injections: (i) 0.1 ml of platelet-rich plasma (PRP) and (ii) 0.1 ml
DMEM containing 2 X 10° of the desired cells. The retinal status was evaluated
with an indirect ophthalmoscope fitted with a +30 D fundus lens on days 1, 3, 5,
7, 14, 21, and 28 after surgery. PVR was graded according to the Fastenberg
classification from 0 through 5 (15). On day 28, the animals were sacrificed, and
the eyes were enucleated and frozen at —80°C. All surgeries were performed
under aseptic conditions and pursuant to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The protocol for the use of animals
was approved by the Schepens Animal Care and Use Committee.

To prepare the rabbit vitreous, the vitreous was dissected from the eyeball
while it was still frozen, permitted to thaw, and then centrifuged at 4°C for 5 min
at 10,000 X g. The resulting supernatant was used for all analyses.

Statistics. The results from the rabbit studies were subjected to Mann-Whit-
ney analysis, whereas all other data were analyzed using the unpaired ¢ test. P
values of less than 0.05 were considered statistically significant.

RESULTS

Unlike direct activation of PDGFR«a via PDGF, indirect
activation via vitreous did not promote dimerization, internal-
ization, and degradation of PDGFRa. In addition to PDGFs,
non-PDGFs activate PDGFRs. Unlike PDGFs, which activate
PDGFRs directly, non-PDGFs do so indirectly. Our previously
published studies indicate that these events proceed intracel-
lularly and require elevation of reactive oxygen species (ROS)
and activation of Src family kinases (SFKs) (37). Indirect ac-
tivation of PDGFRa is sufficient to trigger diseases such as
PVR (41), and therefore, investigating how indirectly activated
PDGFRs signal represents an opportunity to understand the
basis of diseases that afflict humans and are difficult to treat
effectively (11). More specifically, the goal of this project was
to identify signaling events that were induced by indirectly
activated PDGFRa and required for experimental PVR.

Direct activation of PDGFRa (via PDGF-A) induced
rapid dimerization (Fig. 1A), internalization (Fig. 1B), and
subsequent degradation of PDGFRa (Fig. 1C). Direct acti-
vation of PDGFRa reduced its half-life from more than 120
min in unstimulated cells to approximately 10 min (Fig. 1C).
These observations are consistent with previous reports (6,
55, 59). In contrast, indirect activation of PDGFRa (via
rabbit vitreous [RV]) did not induce detectable dimerization
(Fig. 1A), internalization (Fig. 1B), or degradation (Fig. 1C)
of PDGFRa. Within the 120-min time course of these ex-
periments, there was no difference in the amount of
PDGFRa present in resting versus the amount in RV-stim-
ulated cells. RV is vitreous harvested from healthy rabbits;
it contains numerous non-PDGFs but no detectable PDGFs
(36). One may be inclined to posit that RV failed to engage
PDGFRa trafficking because it did not activate PDGFRa;
however, the additional experiments that are discussed be-
low reveal that this was not the case.
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FIG. 1. Indirect activation of PDGFRa failed to promote its
dimerization, internalization, or degradation. (A) Receptor dimeriza-
tion. Fa cells (immortalized MEF derived from embryos null for both
pdgfr genes that were modified to reexpress PDGFRa [3]) were plated
and cultured until they reached approximately 80% confluence, where-
upon they were starved in serum-free DMEM for 24 h and pretreated
with cycloheximide (1 mM) for 30 min. Subsequently, these cells were
treated with PDGF-A or vitreous from healthy rabbits (RV) for the
indicated times; while RV contains many growth factors outside the
PDGF family, there are no detectable PDGFs (36). As expected,
PDGF-A facilitated dimerization of PDGFRs. In contrast, RV did not.
The arrow points to the dimeric form of PDGFRa, whereas the ar-
rowheads indicate the positions of mature (170 kDa; top arrowhead)
and immature (160 kDa; bottom arrowhead) PDGFRa that is mono-
meric. (B) Receptor internalization. Fa cells were treated as described
for panel A, then washed twice with ice-cold PBS, and incubated with
sulfo-NHS-SS-biotin for 1 h. The biotinylation reaction was quenched,
and cells were washed twice with ice-cold PBS and lysed. NeutrAvidin
agarose was added to the clarified lysates, and the mixture was gently
rotated for 1 h at room temperature. The NeutrAvidin agarose beads
were washed 5 times with RIPA buffer, and proteins that were retained
were eluted with sample buffer and subjected to Western blot analysis
using the indicated antibodies. The level of Axl was monitored as a
loading control. PDGF-A promoted the disappearance of PDGFRa
from the cell surface, whereas RV did not. The arrowhead points to
the mature (170-kDa) form of PDGFRa. (C) Receptor degradation.
Fa cells were treated as described for panel A for the indicated times.
Total cell lysates were subjected to Western blot analysis using the
indicated antibodies. The RasGAP blot served as a loading control.
PDGF-A promoted degradation of PDGFRa, whereas RV did not.
The arrowhead points to the mature (170-kDa) form of PDGFRa. The
band below the mature form of PDGFRa is the immature species that
is insensitive to PDGF-induced degradation since it is not on the cell
surface. In all 3 panels of this figure, the data presented are represen-
tative of at least three independent experiments.

We conclude that the mechanism by which PDGFRa is
activated profoundly influences its fate. Unlike direct activa-
tion of PDGFRa, indirect activation did not trigger clearing of
the receptor from the cell surface and subsequent degradation.
Since location and duration are important determinants of
signaling outcome, we proceeded by comparing downstream
signaling events triggered by directly and indirectly activated
PDGFRa.

Indirect activation of PDGFRa selectively prolonged acti-
vation of Akt. PDGF triggered robust tyrosine phosphorylation
of PDGFRa that peaked within 10 min and then declined
substantially (Fig. 2A). In contrast, this response was mild and
sustained in RV-treated cells (Fig. 2A). The results were com-
parable when PDGFRa phosphorylation was monitored in
total cell lysates with a phospho-PDGFRa antibody (as was
done for Fig. 2A) or with an anti-phosphotyrosine antibody on
PDGFRo immunoprecipitates (data not shown). Despite the
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FIG. 2. Akt activation was prolonged in response to indirect activation of PDGFRa. (A) Time course of RV- and PDGF-induced signaling
events. Fa cells were treated as described for Fig. 1A for the indicated times, the cells were lysed, and total lysates were subjected to
immunoblotting using the indicated antibodies; p-PDGFRa recognized pY742, and p-Akt recognized pS473. Both types of activators promoted
phosphorylation of PDGFRa and Akt, yet with dissimilar amplitudes and kinetics. (B) Comparison of PDGFRs for their ability to drive sustained
Akt activation. F (immortalized MEF from embryos null for both PDGFR genes), Fa, FB (F cells modified to reexpress PDGFRR [3]), and R627
(same as Fa, except that the receptor is a kinase-inactive mutant [54]) were treated as described for Fig. 1A for the indicated times. Clarified lysates
were subjected to Western blot analysis using the indicated antibodies; p-Erk recognized pT202/Y204. Comparison of F and Fa cells indicates that
expression of PDGFRa selectively enhanced prolonged activation of Akt in response to RV. Unlike WT PDGFRa, neither kinase-inactive
PDGFRa (R627) nor WT PDGFRp was able to boost Akt activity at the 60-min time point. PDGFRB, WT PDGFR«, and R627 PDGFRa were
expressed to the level routinely observed in fibroblasts (approximately 1 X 10° receptors/cell) (3, 9, 54). In both panels of this figure, the data

presented are representative of at least three independent experiments.

roughly 10-fold difference in PDGFR tyrosine phosphoryla-
tion, both PDGF and RV provoked comparable magnitudes of
Akt phosphorylation, yet this event occurred at different times
and for unequal durations (Fig. 2A). In response to PDGF-A,
Akt phosphorylation peaked at 10 min and subsequently de-
clined to near-basal levels, whereas in RV-treated cells, Akt
activation peaked at 60 min and persisted to the 120-min time
point. Thus, while PDGF-A and RV both activated PDGFRa
and Akt, there were profound differences in the amplitude
and/or kinetics.

Since RV contains many growth factors and cytokines for
which fibroblasts typically express receptors, it is likely that at
least some of the RV-induced signaling events were indepen-
dent of PDGFRa. To address this issue, we compared RV-

triggered signaling levels in a matched set of cell lines that
differed only for expression of PDGFRa. F cells are immor-
talized mouse embryo fibroblasts (MEF) derived from em-
bryos null for both pdgfr genes, whereas Fa cells were gener-
ated by reexpressing PDGFRa in F cells (3). Consistent with a
previous report that expression of PDGFRa potentiated the
ability of non-PDGFs to acutely activate Akt (65), RV-depen-
dent activation of Akt was greater in Fa cells than in F cells.
This difference was more pronounced at the 60-min time point
(Fig. 2B). The RV-induced Erk responses were comparable in
both cell lines (Fig. 2B), which indicated that the presence of
PDGFRa did not augment Erk activation as it did with Akt.
We conclude that the presence of PDGFRa selectively altered
signaling events induced by RV; while there was no effect on
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Erk, expression of PDGFRa increased Akt activation, espe-
cially at the latter time points.

Phosphatidylinositol 3-kinase (PI3K)/Akt were essential ef-
fectors of indirectly activated PDGFRa. Since engaging
PDGFRa indirectly activated Akt activation (Fig. 2) and
induced experimental PVR (41), we considered whether
these two events were causally related. As a first step to
evaluate this possibility, we assessed Akt activation in cells
expressing PDGFRp or kinase-inactive PDGFRa (R627),
which induces PVR poorly (3, 33). RV-stimulated Akt acti-
vation in these two cell lines was not substantially greater
than that in F cells (Fig. 2B). These observations indicate
the only PDGFRa augmented responsiveness to RV and
established a good correlation between prolonged activation
of Akt and induction of PVR.

To test whether PI3K/Akt activation was an essential signal-
ing event for cellular responses induced by indirectly activated
PDGFRa, we generated a PDGFRa mutant that was unable to
activate PI3K/Akt in response to indirect activation of
PDGFRa. Mutating tyrosine phosphorylation sites that are
required for PI3K/Akt activation in response to direct activa-
tion (Tyr 731 and 742) (54) prevented vitreous-dependent as-
sociation of PI3K with PDGFRa (Fig. 3A) and reduced Akt
activation to the level observed in cells that express no
PDGFRs (Fig. 3B).

Since fibroblasts synthesize and secrete PDGF-C (17, 19, 36,
43), it was important to modify PDGFRa to prevent it from
being activated directly by endogenously produced PDGF-C in
these cell-based assays. To this end, we employed a PDGFR«
mutant that was missing the extracellular domain («AX); while
aAX cannot be activated directly, it is still activatable by the
indirect route (41). We also included cells that expressed no
PDGFRs (to gauge the extent of RV-induced responses that
were PDGFRa independent) and cells expressing an aAX
mutant (FeAXM) that was unable to activate PI3K/Akt. Only
in cells expressing PDGFRa capable of activating PI3K/Akt
did we observe an RV-induced boost in 3 cellular responses
that are relevant to PVR (contraction, proliferation, and pro-
tection from apoptosis) (Fig. 3C to E).

Finally, we assessed whether PI3K/Akt was an essential ef-
fector of indirectly activated PDGFRa in the context of exper-
imental PVR. The most commonly used model of experimen-
tal PVR involves injection of cells into the vitreous of rabbits
(1). The rabbits are monitored for the formation of a mem-
brane, which contracts and thereby causes a retinal detach-
ment. As shown in Fig. 3F, the PVR potential of FaAXM was
significantly reduced compared with that of FaAX. A statisti-
cally significant difference between the two groups first ap-
peared on day 3 and persisted to the end of the experiment
(day 28) (data available on request). None of the rabbits in-
jected with the FeAXM cells progressed to stage 3 or higher
(Fig. 3F), i.e., none of them developed retinal detachment,
which is the most sight-threatening and clinically relevant
phase of the disease.

Taken together, these findings indicate that PI3K/Akt was a
key effector of indirectly activated PDGFRa. This observation
is consistent with our previous finding that PI3K was essential
for experimental PVR (33). The present findings extend our
previous ones by addressing the question of PI3K’s importance
when the receptor is activated indirectly; the previous studies
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were done with cells expressing full-length PDGFRa, and as a
result, it was not possible to distinguish whether PDGFRa was
being activated directly or indirectly.

Indirectly activated PDGFRa suppressed p53 expression
and function. To identify downstream effectors of Akt in
cells that underwent indirect activation of PDGFR«a, we
probed total cell lysates of RV-treated F, Fa, or F31/42 cells
with a phospho-Akt substrate antibody. The 55-kDa band
was one of the RV-induced species that increased in Fa cells
more than in the two control cell lines (Fig. 4A). Scan site
analysis indicated that Mdm2 (murine double minute) was
one of the “hits” that had both a consensus Akt phosphor-
ylation site (boldface) (RKRRRSLSFDPSLGL) and a pre-
dicted molecular mass of approximately 55 kDa. Additional
support for the possibility that Mdm2 was the 55-kDa spe-
cies was provided by a previous report that Akt phospho-
rylates Mdm?2 (at S166) (67). To consider if RV promoted
phosphorylation of Mdm2, we probed cell lysates prepared
from resting or RV-treated F and Fa cells with phospho-
and pan-Mdm?2 antibodies. In Fa but not F cells, RV
strongly increased phosphorylation of the 55-kDa species
and the more commonly reported 110-kDa form of Mdm?2
(Fig. 4B). Furthermore, similar results were observed when
the experiment was repeated with Mdm2 immunoprecipi-
tates instead of total cell lysates (Fig. 4C). Finally, the 55-
kDa species was not detected in a phospho-Akt substrate
Western blot analysis of lysates that had been immunode-
pleted of Mdm?2 (Fig. 4D). These experiments indicate that
indirect activation of PDGFRa increased phosphorylation
of Mdm?2.

Mdm?2 suppresses the level of p53, and Akt-dependent phos-
phorylation of Mdm?2 potentiates this phenomenon (5, 16, 20,
48, 67). Consequently, we considered whether suppression of
p53 was a key step in the mechanism by which RV promoted
PDGFRa-dependent proliferation and survival (Fig. 3). To
study p53, we switched from SV40-immortalized MEF (in
which p53 function may be compromised) to primary MEF
isolated from wild-type or p53-null embryos. RV increased
Mdm?2 phosphorylation and decreased the level of p53 in pri-
mary MEF (Fig. 5A), and this phenomenon was dependent on
expression of PDGFRa (Fig. 5A). The change in the level of
p53 was associated with the expected changes in p53 function
(Fig. 5B). Additional experiments with p53 promoter mutants
indicated that the transcriptional activity monitored in these
experiments was dependent on a classical p53 binding element
in the promoter region (data not shown).

We also assessed the importance of p53 in several cellular
responses. Increasing expression of PDGFRa promoted RV-
dependent proliferation and reduced apoptosis in cells that
expressed p53, whereas in p53-null cells, the increased expres-
sion of PDGFRa was no longer advantageous (Fig. 5C and D).
Taken together, these studies reveal that indirect activation of
PDGFRa reduced the amount of p53 and that this event was
required for the RV-dependent boost of cellular events intrin-
sic to PVR.

Prolonged activation of Akt, a signature signaling event of
indirectly activated PDGFRa, was associated with a decline in
the level of p53. Compared with PDGF, RV triggered a 3-fold-
greater decline in the level of p53 (Fig. 6A). The enhanced
ability of RV to suppress the level of p53 was dependent on
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FIG. 3. PI3K/Akt was an essential effector of indirectly activated PDGFRa. (A, B) Tyr 731 and 742 were required for PI3K/Akt activation in response
to indirect activation of PDGFRa. For panel A, Fa and F31/42 cells (same as Fa except that the PDGFRa has a Tyr-to-Phe substitution at residues 731
and 742 [54]) were cultured to approximately 80% confluence, serum starved for 24 h, and treated with PDGF-A or RV for 10 min, and the clarified
lysates were immunoprecipitated with an antibody against PDGFRa. The resulting samples were subjected to Western blot analysis using antibodies
against phosphotyrosine (top panel) or PI3K (p85) (bottom panel). The membrane was stripped and reprobed using an antibody against PDGFRa
(middle panel). Three independent experiments showed that RV stimulated PI3K binding to WT PDGFRa but not the F31/42 mutant. For panel B, the
indicated cells were serum starved for 24 h, treated with RV for 1 h, and lysed. Clarified lysates were subjected to Western blot analysis using the indicated
antibodies. In three independent experiments, the levels of RV-induced activation of Akt were 2.53- = (0.25-fold, 4.73- = 0.50-fold, and 2.57- = (0.25-fold
for F, Fa, and F31/42 cells, respectively. There were statistically significant differences in extent of Akt activation between F and Foa (P = 0.0025) and
between Fo and F31/42 (P = 0.03) but not between F and F31/42 (P = 0.875). Stated a different way, we consistently observed the same level of Akt
activation in F and F31/42 cells, which was significantly lower than that observed in Fa cells. (C) Cell contraction assay. F, FaAx (same as Fa, except that
the extracellular domain is absent), or FaAxM (same as FaAx except that Tyr 731 and 742 are mutated to Phe) cells were embedded in a collagen matrix
at a density of 10° cells/ml and cultured in serum-free medium that was (gray bars) or was not (black bars) supplemented with RV. The diameter of the
collagen gel was measured on day 3. The means =+ standard deviations of results from three independent experiments are shown; an asterisk indicates
P values of <0.05 as determined using an unpaired ¢ test. While FaAx cells responded to RV robustly, the other two cell types did not. (D) Cell
proliferation assay. The indicated cell types were seeded at a low cell density in serum-free medium that was (gray bars) or was not (black bars)
supplemented with RV. After 3 days, the cells were counted and the data from 3 independent experiments are presented as means * standard deviations
for the ratio of cell proliferation in RV/cell proliferation in serum-free medium (fold increase); an asterisk denotes P values of <0.05 as determined using
an unpaired ¢ test. Compared with the response to RV, PDGF-A induced a 2.2- = 0.3-fold increase in the cell number (37). While RV promoted
proliferation of all cell lines, the response was enhanced in FaAx but not in the FaAxM cells. (E) Apoptosis assay. Same as for panel D, except on day
3 apoptosis was measured by fluorescence-activated cell sorting (FACS) analysis of cells that were stained with FITC-conjugated annexin V and
propidium iodide. Cells in early apoptosis were defined as the population that was positive for annexin V but negative for propidium iodide. The bars
indicate the percentages of apoptotic cells. The means =+ standard deviations of results from three independent experiments are shown; an asterisk
denotes P values of <(.05 as determined using an unpaired # test. A representative set of raw data is available on request. While expression of the aAx
PDGFRa reduced the number of apoptotic cells, the mutant receptor was unable to protect cells. (F) Assessment of the PVR potential in a rabbit model
of PVR. PVR was induced in rabbits by injecting FaAx or FaAxM cells along with platelet-rich plasma as described in Materials and Methods. Each
symbol represents the clinical score of an individual rabbit; the data presented are for the day 28 time point; the data for the earlier points are available
on request. The Fastenberg grading system was used, with the stages defined as follows: stage 0, no disease; stage 1, membrane formation; stage 2,
vitreoretinal traction, with no retinal detachment; stage 3, retinal detachment, up to 2 quadrants; stage 4, retinal detachment, with more than 2 quadrants
but not complete detachment; stage 5, complete retinal detachment (15). Mann-Whitney analysis of the data indicated a statistically significant difference
between the two groups. The results indicate that PI3K activation was essential for induction of PVR via PDGFRa, which can be activated only by the
indirect route.
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FIG. 4. Mdm?2 was a key target of indirectly activated PDGFRa. (A) Phospho-Akt substrate blotting. The indicated cell types were treated with
RV for 1 h and lysed, and the clarified lysates were subjected to Western blot analysis using an antibody that recognized proteins phosphorylated
at the consensus Akt site ([R/K]X[R/K]XX[T/S]). The membrane was stripped and reprobed with an anti-RasGAP antibody. The 55-kDa species
is an RV-inducible species that was consistently stronger in Fa cells. (B) Phospho-Mdm?2 blotting. Same as for panel A except that a phospho-
Mdm?2 (pS166) antibody was used. The blot was then stripped and reprobed with an anti-Mdm?2 antibody and then an anti-RasGAP antibody. RV
induced Mdm?2 phosphorylation in Fa cells but not in F cells. (C) Mdm2 immunoprecipitates. The lysates in panel A were immunoprecipitated
with an anti-Mdm?2 antibody, and the resulting samples were probed with the phospho-Akt substrate antibody. The membrane was subsequently
stripped and reprobed with an anti-Mdm?2 antibody (bottom panel). In three independent experiments, RV induced a 2.0- = 0.2-fold-greater
increase in phosphorylation of Mdm?2 in Fa cells than in F cells. (D) The 55-kDa species was not detectable in lysates immunodepleted for Mdm?2.
Same as for panel A, except that some of the lysates were subjected to Mdm2 immunodepletion (DP), which involved 3 successive rounds of

immunoprecipitation with an anti-Mdm?2 antibody prior to analysis.

PDGFRa: in primary MEF that expressed a reduced level of
PDGFRa, RV ineffectively reduced the level of pS3 (Fig. 6A).
We conclude that indirect activation of PDGFRa more effec-
tively reduced the level of p53 than direct activation of
PDGFRa.

The decline in the level of p53 was associated with a prolonged
half-life of activated PDGFRa (Fig. 1) and persistent activation
of Akt (Fig. 2 and 6A). If this relationship is causal, then reducing
the half-life of activated PDGFRa should shorten the duration
for which Akt is active and prevent the decline in p53. To test this
idea, we simultaneously stimulated cells with indirect agonists

(that lead to prolonged activation of Akt and a reduction in p53)
and direct agonists (that shorten the half-life of PDGFRa). The
half-life of PDGFRa, the duration of Akt activation, and the
decline in p53 were all attenuated in cells stimulated in this way
compared with what was observed in cells stimulated with only
indirect agonists (i.e., RV) (Fig. 6B). We conclude that acute and
even robust activation of Akt did not result in a substantial decline
in the level of p53. Rather, prolonged activation was necessary,
and this occurred when PDGFRa was activated indirectly and
thereby avoided the endocytosis/degradation pathway that cuts
short PDGFRa signaling.



Vor. 31, 2011 PDGFRa CHRONICALLY ACTIVATES Akt AND SUPPRESSES p53 1795

A B
C shRNA 12
<F "F 10 4 — a
<) AME
] = ] = = 5 -
2 B8 x B| |5
PDGFRa 8 1
un]
RasGAP £ 7
Q
1) =
Akt [ —————— o <] > <
Fold- 10 42 22 10 23 12 =4 ;\-‘5 (=4 é
p-Mdm2 E E
Mdm2 | e |
C hRNA
Fold: 10 125 37 10 28 16 >

pS3

RasGAP (ke e G |

Fold: 10 04 08 10 08 09

C D
~°T vovo As
= 54 SIS PDGFRo 7 *
= | NS RasGAP 1 CIEEE
X oad  H+ - £ 4.
5, i Z 251
S 31
z E .2
= 2 D 1.5+
= =
= < -
o 14
U 0.5
n--l--[ ‘ 0 -i-j-.l.l
PDGFRa| - * |- +|- *|- *+ PDGFRa|- + |- +|- + |- +
RV - + - + RV - + - +
p53 ++ -/- p53 +H+ -/-

FIG. 5. Indirectly activated PDGFRa enhanced proliferation and survival by reducing p53 expression and function. (A) Importance of
PDGFRa expression for RV-dependent reduction of p53 in primary MEF. Lentiviruses were used to stably express shRNAs directed against
green fluorescent protein (GFP) (C) or PDGFRa (shRNA) in primary MEF. The resulting cells were either left untreated or exposed to
PDGF-A or RV. Duplicate plates were harvested at the 1- or 2-h time point, and the clarified lysates were subjected to Western blot analysis
using the indicated antibodies. All of the data presented are from the 1-h time point, except those in the bottom panel, since a greater change
in p53 is typically observed at the 2-h time point. The data indicate that RV was better than PDGF in activating Akt, inducing
phosphorylation of Mdm?2 and suppressing the level of p53. The stark advantage of RV over PDGF was much less apparent (especially for
reducing p53) in cells in which PDGFRa expression was suppressed. The data in this panel are representative of three independent
experiments. In this series of experiments, RV and PDGF-A induced the following changes in Akt activation: 4.50- = 0.30-fold and 2.40- *
0.17-fold in “C” cells and 2.43- = 0.15-fold and 1.27- * 0.06-fold in “shRNA” cells. The difference in levels of RV-induced activation of Akt
in the “C” and “shRNA” cells was statistically significant (P = 0.004). For p53, the RV- and PDGF-A-induced declines were 0.40- = 0.10-fold
and 0.83- + 0.06-fold in “C” cells and 0.77- * 0.06-fold and 0.83- = 0.10-fold in “shRNA” cells. The difference in levels of RV-induced
suppression of p53 in the “C” and “shRNA” cells was statistically significant (P = 0.005). (B) Assay of p53-dependent transcriptional activity.
The cells described for panel A were cotransfected with plasmids pGL3-p53 (a p53 activity reporter) and pRL-TK (to control for the
efficiency of transfection). After 24 h, the cells were stimulated with PDGF-A or RV for 2 h, and then the activity of the reporter constructs
was monitored using a dual-luciferase reporter assay system. In three independent experiments, reduced expression of PDGFRa compro-
mised the ability of RV to attenuate p53-dependent transcription. (C) RV enhanced proliferation only in p53-expressing cells. PDGFRa was
stably overexpressed in primary MEF derived from either WT (+/+) or p53-null (—/—) embryos. The resulting cells were monitored for
RV-dependent cell proliferation as described for Fig. 3D. The means * standard deviations of results from three independent experiments
are shown; an asterisk denotes P values of <0.05 as determined using an unpaired ¢ test. The proliferative advantage of PDGFRa-
overexpressing cells observed in the presence of RV was dependent on expression of p53. (D) RV protected against apoptosis only in
p53-expressing cells. The cells described for panel C were subjected to the same type of apoptosis assay used for Fig. 3E. The means =
standard deviations of results from three independent experiments are shown; an asterisk denotes P values of <0.05 as determined using

an unpaired ¢ test. The greater ability of RV to protect PDGFRa-overexpressing cells from apoptosis was observed only in p53-expressing
cells.
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FIG. 6. Sustained activation of Akt was associated with a decline in the level of p53. (A) Comparison of PDGF and RV for their ability to
reduce the level of p53. The cells described for Fig. SA were serum starved for 24 h, treated with PDGF-A or RV for the indicated times, and lysed,
and clarified lysates were subjected to Western blot analysis using the indicated antibodies. The data presented are representative of 3 independent
experiments, which all showed that RV was better than PDGF at reducing the level of p53 and that this phenomenon largely disappeared when
expression of PDGFRa was reduced. (B) Comparison of RV versus RV plus PDGF. Serum-starved MEF were pretreated with cycloheximide (1
mM) for 30 min, RV or RV plus PDGF-A was added for the indicated times, the cells were lysed, and clarified lysates were subjected to Western
blot analysis using the indicated antibodies. In three independent experiments, we observed that while the combination of RV plus PDGF-A
activated Akt more robustly than RV alone at the 10-min time point, this high level of Akt activation did not persist, and the level of p5S3 was only
modestly altered. (C) The V842 PDGFRa mutant chronically activated Akt and reduced the level of p53. MEF cells expressing an empty vector
(EV), wild-type PDGFRa (WT), or mutant PDGFRa D842V (V842) were treated with or without RV for 2 h. Cell lysates were prepared and
subjected to Western blot analysis using the indicated antibodies. We consistently observed that V842 was activated and promoted chronic
activation of Akt and suppression of p53. (D) Intense, direct activation of PDGFRa induced sustained Akt activation and a decline in the level
of p53. Serum-starved MEF were treated with PDGF-A (5, 50, and 500 ng/ml) for the indicated times and lysed, and the clarified lysates were
subjected to Western blot analysis with the indicated antibodies. We observed that the highest dose of PDGF was able to induce both prolonged
activation of Akt and a decline in the level of p53. These results in all panels of this figure are representative of at least three independent
experiments.

Chronic activation of Akt and a low level of p53 are a
common theme in PDGFRa-driven pathologies. We consid-
ered whether the signaling pathway associated with an epige-
netic disease such as PVR was relevant to other pathologies
that are believed to be driven by deregulation of PDGFRa.
Gastrointestinal stromal tumors (GIST) in human patients

harbor a mutant version of either c-kit or PDGFRa (27, 29).
The most commonly occurring mutation in PDGFRa is a point
mutation in the activation loop (Asp to Val at 842) that con-
stitutively activates the receptor’s kinase (27). Expression of
the mutant carrying this substitution, but not WT PDGFRa,
sharply increased Akt phosphorylation and suppressed the
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activates its receptor directly, and this involves ligand-driven dimerization, robust autophosphorylation, and activation of intracellular signaling
pathways such as PI3K/Akt. Because directly activated PDGFRa is rapidly internalized and degraded, activation of Akt is transient, which is
insufficient to reduce the level of p53. We speculate that this sequence of events prevails as PDGF/PDGFR contribute to establishing and
maintaining physiology. The indirect route for activating PDGFRa proceeds intracellularly and results in only modest phosphorylation of
PDGFRa, which is sufficient to activate PI3K/Akt. In this setting Akt activity persists, at least in part because indirectly activated PDGFRa is not
internalized or degraded. Prolonged activation of Akt is associated with a reduction in the level of p53, which sets the stage for pathology. Note
that the direct route for activating PDGFRa can induce prolonged Akt activation and a decline in p53, provided that a sufficiently large dose of
PDGF is used. It is plausible that such a scenario occurs when PDGF and PDGFR are cooverexpressed, a situation that exists in a subset of human

cancers (2).

level of p53 (Fig. 6C). The idea that a decline in p53 is related
to pathology is supported by the observation that the level of
p53 is reduced in 50% of GIST (52).

In the case of cancers such as glioblastomas, PDGFRa can
be deregulated when it is coexpressed with PDGFs, a setting
that results in constitutive, direct activation of PDGFRa (2).
We mimicked this setting by administering high doses of
PDGF. While even a subsaturating dose (5 ng/ml) of PDGF
acutely activated Akt, saturating (50 ng/ml) and supersaturat-
ing doses were required for prolonged activation of Akt (Fig.
6D). A decline in p53 was observed only at the supersaturating
dose of PDGF (Fig. 6D). Thus, constitutive, direct activation
of PDGFRa also induced chronic activation of Akt and a fall
in the level of p53.

We conclude that deregulation of PDGFRa by three differ-
ent mechanisms engages the same signaling pathway that is
characterized by chronic activation of Akt and decline in p53.

DISCUSSION

We report that indirectly activated, monomeric PDGFR«
evaded the intrinsic mechanism to limit the duration of
PDGFRa signaling and thereby chronically activated Akt and
suppressed the level of p53 (Fig. 7). This sequence of events
was associated with enhanced proliferation and survival of cells
and manifestation of experimental PVR. Finally, the relevance
of this signal pathway appears to extend beyond PVR since
deregulating PDGFRa in a way that promotes two types of
cancer also engaged it.

The identification of p53 as a potential contributor to PVR
is intriguing because this disease develops quickly (days to
weeks) and may not include the acquisition of multiple genetic
lesions to incapacitate the p53 pathway as is the case for the
majority of human cancers (42). These observations indicate
that genetic and epigenetic disease mechanisms may engage

the same signaling pathways and hence be responsive to ther-
apies targeting the common elements. We are currently testing
whether p53-related therapies that have been developed to
fight cancer would be suitable for patients afflicted by PVR.

Following direct activation of PDGFRa via PDGF, phos-
phorylation of PDGFRa increased sharply and then declined
and remained low (Fig. 6D). While the acute drop in the level
of PDGFRa phosphorylation is traditionally explained by deg-
radation of PDGFRa, it does not explain why receptor
phosphorylation remains suppressed, since the quantity of
PDGFRa recovered to near-prestimulation level within 30 min
(data not shown) (probably due to resynthesis). Nevertheless,
the extent of PDGFRa phosphorylation remained substan-
tially lower than the initial peak, even in the presence of a high
concentration of PDGF (Fig. 6D). These observations indicate
that direct activation of PDGFRa triggers at least two mech-
anisms to limit the amount of phosphorylated PDGFRa; one
involves degradation of the activated receptor, whereas the
second appears to be degradation independent; we speculate
that it involves phosphotyrosine phosphatases (37, 61).

Given the existence of at least several mechanisms for re-
ducing the level of activated/phosphorylated PDGFRa, the
persistence of indirectly activated PDGFRa is remarkable.
Even a mechanism in which indirectly activated PDGFRa cir-
cumvents all pathways that reduce PDGFRa phosphorylation
would probably be an incomplete explanation of this phenom-
enon. There may also be a positive-feedback loop driving per-
sistent phosphorylation of PDGFRa. The initial increase in
phosphorylation of PDGFRa is dependent on a ROS/Src-
driven mechanism (37). These events are triggered by non-
PDGFs that engage their own receptors (e.g., binding of epi-
dermal growth factor [EGF] or basic fibroblast growth factor
[bFGF] to EGFR or FGF receptor [FGFR], respectively) and
thereby induce ligand-induced receptor degradation that sup-
presses their output as observed for PDGF/PDGFRa. If this
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was the only means by which PDGFRa was phosphorylated in
response to non-PDGFs, then the kinetics of phosphorylation
of PDGFRa under these conditions should roughly reflect
what happens in response to direct agonists such as PDGF.
Figure 2 shows that this is not the case; phosphorylation of
PDGFRa increased instead of decreasing at the later time
points. This suggests that the initial boost in ROS/Src activity
that was triggered by non-PDGFs may have been followed by
a second, persistent mechanism for elevating ROS/Src. For
instance, early activation of PI3K/Akt is expected to activate
mTOR and thereby reduce the autophagy-dependent clear-
ance of dysfunctional mitochondria that are generating ROS
(68). This would establish a positive-feedback loop in which
elevated ROS would activate Src, which would promote
PDGFRa phosphorylation and thereby sustain PI3K/Akt/
mTOR activity, leading to constitutive ROS generation. Our
ongoing studies are focused on elucidating the events that
permit constitutive activation of PDGFRa following its indi-
rect activation via non-PDGFs.

The observation that less than 10% of the maximal level of
PDGFRa phosphorylation was sufficient to drive signaling
events, cellular responses, and disease indicates that even a low
level of PDGFRa phosphorylation can be very potent. Note
that the stark difference in the amplitude of PDGFRa phos-
phorylation observed in response to direct versus indirect ago-
nists was not maintained at the level of downstream signaling
events. This may be because the receptor can be phosphory-
lated at many tyrosine residues, but only a subset of these sites
are required to engage a specific signaling event (56). For
instance, Akt activation is dependent on phosphorylation of
PDGFRa at Y731 and Y742. Mutating these sites only mod-
estly decreased overall phosphorylation of PDGFRa when it
was activated directly (because the other sites are still phos-
phorylated), whereas the effect was much greater when the
receptor was activated indirectly (because these sites are the
major phosphorylation sites under these conditions) (Fig. 3A).
So receptor phosphorylation is not necessarily a good measure
of the magnitude of downstream signaling events. These ob-
servations have recalibrated our appreciation of how much
activation is relevant, i.e., even 10% of the maximal phosphor-
ylation is sufficient to drive cellular responses and even disease,
provided that it occurs on the appropriate residues.

In light of the fact that a relatively small amount of receptor
phosphorylation is sufficient for disease progression, it is pos-
sible that only a small number of receptors are necessary to
drive such a response, if they are activated appropriately. In-
deed, we found that very low levels of PDGFRa (well below
the amount observed in primary MEF) were sufficient to pro-
mote experimental PVR and that substantially increasing
PDGFRa expression only modestly augmented the PVR po-
tential of such cells (our unpublished results). We conclude
that when activated appropriately (i.e., indirectly to circumvent
the intrinsic negative feedback), only a small amount of recep-
tor (approximately 10-fold less than is routinely observed on a
fibroblast [1 X 10°] [8]) is necessary to drive disease.

Perhaps more surprising than the fact that PDGFRs are
expressed in excess of what is necessary to trigger cellular
responses (a concept that was introduced approximately 40
years ago [18, 35]) is the finding that PDGF is not required to
drive the event (41). Furthermore, since PDGF limits the du-
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ration of PDGFR signaling, PDGF may serve to mitigate
pathological signaling emanating from indirectly activated
PDGFRa. It is only when PDGFs are present at a very high
level that we begin to observe signaling events associated with
pathology (Fig. 6D), a situation that has been associated with
certain cancers (2). Thus, physiological levels of PDGFs may
function not only to trigger physiology-related events but also
to suppress pathology-related signaling by limiting the dura-
tion of signaling by PDGFRs when activated by non-PDGFs.
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