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The platelet-derived growth factor (PDGF) receptors (PDGFRs) are central to a spectrum of human diseases. When PDGFRs are
activated by PDGF, reactive oxygen species (ROS) and Src family kinases (SFKs) act downstream of PDGFRs to enhance PDGF-
mediated tyrosine phosphorylation of various signaling intermediates. In contrast to these firmly established principles of signal
transduction, much less is known regarding the recently appreciated ability of ROS and SFKs to indirectly and chronically acti-
vate monomeric PDGF receptor � (PDGFR�) in the setting of a blinding condition called proliferative vitreoretinopathy (PVR).
In this context, we made a series of discoveries that substantially expands our appreciation of epigenetic-based mechanisms to
chronically activate PDGFR�. Vitreous, which contains growth factors outside the PDGF family but little or no PDGFs, pro-
moted formation of a unique SFK-PDGFR� complex that was dependent on SFK-mediated phosphorylation of PDGFR� and
activated the receptor’s kinase activity. While vitreous engaged a total of five receptor tyrosine kinases, PDGFR� was the only
one that was activated persistently (at least 16 h). Prolonged activation of PDGFR� involved mTOR-mediated inhibition of au-
tophagy and accumulation of mitochondrial ROS. These findings reveal that growth factor-containing biological fluids, such as
vitreous, are able to tirelessly activate PDGFR� by engaging a ROS-mediated, self-perpetuating loop.

Deregulation of receptors for platelet-derived growth factor
(PDGF) contributes to a variety of human pathologies. For

instance, genetic lesions that result in point mutation or chromo-
somal translocation, which constitutively activate the intrinsic ty-
rosine kinase activity of the PDGF receptor (PDGFR), are tightly
associated with gastrointestinal tumors (1, 2), myeloid disorders,
and leukemias (3).

In addition to the above-mentioned diseases in which deregu-
lation of PDGFR activity involves a genetic change, there is a
growing appreciation that epigenetic-based mechanisms to acti-
vate PDGFRs both exist and drive pathology. Antibodies that ac-
tivate PDGFRs are present in sera of patients with scleroderma
and are implicated in facilitating the fibrotic component of this
pathology (4). Growth factors outside the PDGF family (PDGFs)
are present in vitreous (the viscous fluid that fills the space be-
tween the lens and retina) from patients with proliferative vitreo-
retinopathy (PVR) and trigger indirect activation of PDGF recep-
tor � (PDGFR�), which is a key event in the pathogenesis of this
fibroproliferative disease in animal models (5).

A recurring mediator of PDGFR-associated pathology is reac-
tive oxygen species (ROS). PDGF-mediated activation of PDGFR
results in activation of NADPH oxidases (Noxs), which increase
the level of ROS (6–8). Under these conditions, the ROS effectors
are protein tyrosine phosphatases (PTPs), which are inactivated
by ROS (9). Such a lull in PTP activity favors accumulation of
tyrosine-phosphorylated proteins that drive a variety of signaling
events (10). This ROS-mediated boost in signaling is short-lived,
at least in part due to enzymes such as peroxiredoxins (Prxs),
which eliminate certain ROS species (11). The importance of reg-
ulating this plasma membrane-localized source of ROS is illus-
trated by exacerbated restenosis of the carotid artery in mice that
lack Prx II (12).

In addition to acting downstream of PDGFR, ROS can also act
upstream of it to promote the indirect mode of activating the
PDGFRs mentioned above (13). Under these circumstances, the
ROS effectors are Src family kinases (SFKs), which are activated by

ROS (14–16) and promote autophosphorylation of monomeric
PDGFRs (13, 17, 18). Thus, ROS can act either upstream or down-
stream of PDGFRs, and it does so by governing the activity of
distinct types of signaling enzymes.

The cellular source of ROS that drives the indirect mode of
activating PDGFR is unknown. Noxs are likely to be only a partial
contributor, because the duration of activation of PDGFR en-
gaged by the indirect mode persists well beyond the time frame of
the Nox-mediated rise in ROS (12, 17, 19). A second and poten-
tially enduring source of ROS is the electron transport chain
within the mitochondria. This source of ROS is regulated by fac-
tors such as the cell’s metabolic state. This parameter could be
profoundly influenced by vitreous, because it contains a vast array
of growth factors (non-PDGFs), which activate mammalian target
of rapamycin (mTOR) and thereby suppress autophagy. This
would reduce clearance of organelles, including mitochondria,
and thereby result in prolonged elevation of ROS (20). Thus, vit-
reous is likely to increase mitochondrial ROS and thereby set the
stage for enduring activation of PDGFR, which occurs in vitreous-
stimulated cells (17).

The concept that SFKs act upstream of indirectly activated
PDGFR� complements the well-established role of this class of
signaling enzymes downstream of directly activated PDGFR.
PDGF assembles PDGFRs into dimers and thereby promotes au-
tophosphorylation of many tyrosine residues that either enhance
the receptor’s kinase activity or enable stable association with Src
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homology 2 (SH2) domain-containing signaling enzymes (21,
22). For instance, PDGF stimulates autophosphorylation of
PDGFR� at Tyr 572 and 574 within the juxtamembrane domain,
and this event allows stable association with SFKs (23, 24). Engag-
ing the SH2 domain of SFKs activates its kinase (25), and SFKs
contribute to the PDGF-induced rise in phosphotyrosine content
of a variety of proteins (26). Thus, SFKs act either upstream or
downstream of PDGFRs, depending on whether PDGFR� is acti-
vated indirectly or directly.

The goal of this study was to determine the mechanism by
which vitreous, which is a rich source of non-PDGFs that activate
PDGFR� indirectly, results in enduring activation of PDGFR�.
Our results revealed the existence of a ROS-driven, self-perpetu-
ating mechanism that was responsible for persistent activation of
PDGFR� in cells exposed to vitreous.

MATERIALS AND METHODS
Major reagents. Antibodies against Akt, phosphorylated Akt (phospho-
Akt [p-Akt]) S473, mammalian target of rapamycin (mTOR), phosphor-
ylated mTOR (p-mTOR) (S2448), p70 S6 kinase (S6K), p-S6K (T389),
Src, p-Src, insulin-like growth factor 1 receptor (IGF-1R), regulatory-
associated protein of mTOR (Raptor), and autophagy 5 (Atg5) were pur-
chased from Cell Signaling Technology (Danvers, MA). The antiphos-
photyrosine antibody pY20 was from BD Transduction Laboratories (San
Jose, CA), and human recombinant PDGF-A, epidermal growth factor
(EGF), and insulin-like growth factor 1 (IGF-1) were from PeproTech
Inc. (Rocky Hill, NJ). The horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG, goat anti-mouse IgG secondary antibodies, and antibod-
ies against EGFR and p-PDGFR� (phospho-Y754) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced chemilumines-
cent substrate for detection of HRP was from Pierce Protein Research
Products (Rockford, IL). The anti-PDGFR� (27P) and Ras GTPase-acti-
vating protein (RasGAP) antibodies were produced and characterized as
previously described (27). The phospho-Y742 PDGFR� antibody was
raised against phosphopeptide KQADTTQY(phospho-Y742)VPMLDMK,
which was synthesized by Tufts Medical School (Boston, MA) (17). Rab-
bits were immunized with this peptide by Alpha Diagnostic International
Inc. (San Antonio, TX) by using the standard immunization procedure.
Thirty percent H2O2, 2=,7=-dichlorofluorescein diacetate (DCFH-DA),
antimycin A, N-acetyl cysteine (NAC), diphenyleneiodonium chloride
(DPI), and tetrahydrocanicabinol (THC) were purchased from Sigma (St.
Louis, MO). SU6656 (C19H21N3O3S) was from Calbiochem (Billerica,
MA).

Cell culture. A spontaneously arising human retinal pigment epithe-
lial cell line (ARPE19) was purchased from American Type Culture Col-
lection (Manassas, VA), and ARPE19� cells were ARPE19 cells that over-
expressed human PDGFR� as previously described (28). Both ARPE19
and ARPE19� cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (45%) plus F-12 (45%) supplemented with 10% fetal bovine
serum (FBS). Primary human retinal pigment epithelial (RPE) cells from
Lonza (Walkersville, MD) were cultured in the media of endothelial cell
growth medium RtEGM BulletKit from Lonza.

F cells were generated as previously described (29). Briefly, F cells were
mouse embryo fibroblasts derived from mice null for both pdgfr genes and
then immortalized with simian virus 40 (SV40) T antigen. F� cells were F
cells that reexpressed human PDGFR�. F2 cells were F cells that reex-
pressed human mutant PDGFR� Y572F/Y574F, and R627 cells were F
cells that reexpressed human mutant PDGFR� K627R as described pre-
viously (17). Primary human corneal fibroblasts (HCF) were cultured in
DMEM supplemented with 10% FBS.

GPG293 cells (30) were cultured in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, 1 �g/ml tetracycline (Sigma), 2 �g/ml puromy-
cin (Sigma), 0.3 mg/ml G418 (Sigma), and 16.7 mM HEPES (Invitrogen).
The medium used during virus collection was DMEM supplemented with

10% FBS, 2 mM L-glutamine, and 16.7 mM HEPES. All the above cells
were cultured at 37°C in a humidified 5% CO2 atmosphere.

Phospho-RTK array. Lysates of ARPE19� and primary RPE cells were
subjected to a phospho-receptor tyrosine kinase (phospho-RTK) array
(R&D Systems, Minneapolis, MN) following the manufacturer’s instruc-
tions. Briefly, 1 mg of lysate prepared from cells treated with normal rabbit
vitreous (RV) for 10 min, 2 h, and 16 h was incubated with the membranes
at 4°C overnight with gentle shaking. The membrane was washed and then
exposed to an antiphosphotyrosine antibody conjugated to HRP. Signals
were detected by chemiluminescence.

Immunoprecipitation and Western blotting. F, F2, F�, and R627
cells were grown to 90% confluence and then incubated for 24 h in
DMEM. The cells were exposed to the desired agents and then washed
twice with ice-cold phosphate-buffered saline (PBS). The cells were lysed
in extraction buffer (EB buffer) (10 mM Tris-HCl [pH 7.4], 5 mM EDTA,
50 mM NaCl, 50 mM NaF, 1% Triton X-100, 20 �g/ml aprotinin, 2 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride), and the insoluble mate-
rial was removed by centrifugation for 15 min at 13,000 � g at 4°C. Src was
immunoprecipitated from clarified lysates as previously described using
an anti-c-Src antibody. The immunoprecipitated proteins were separated
by 10% SDS-PAGE, transferred to polyvinylidene difluoride (PVDF)
membranes, and then subjected to Western blot analysis using the anti-
bodies indicated in the figures. At least three independent experiments
were performed. Signal intensity was determined by densitometry using
Quantity One software (Bio-Rad).

Suppression of Raptor and Atg5 expression by short hairpin RNA
(shRNA). An oligonucleotide (CCTTTCATTCAGAAGCTGTTT) corre-
sponding to Atg5 cDNA nucleotides 915 to 925 (NM_004849, construct
TRCN0000151474) and an oligonucleotide (CGAGTCCTCTTTCACTA
CAAT) corresponding to Raptor cDNA nucleotides 1238 to 1258
(NM_020761.2, TRCN0000332886), or a control oligonucleotide (ACAA
CAGCCACAACGTCTATA) corresponding to green fluorescent protein
(GFP) nucleotides 437 to 457 (TRCN0000072181) in a hairpin-pLKO.1
retroviral vector, the packaging plasmid (pCMV-dR8.91 [CMV stands for
cytomegalovirus]), the envelope plasmid (VSV-G/pMD2.G [VSV stands
for vesicular stomatitis virus]), and 293T packaging cells were from Dana-
Farber Cancer Institute/Harvard Medical School (Boston, MA).

To prepare GFP, Raptor, and Atg5 shRNA lentivirus, a mixture of
packaging plasmid (0.9 �g), envelope plasmid (0.1 �g), hairpin-pLKO.1
vector (1 �g) (or a hairpin-pLKO.1 containing GFP, Raptor, or Atg5
shRNA oligonucleotide), 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 me-
dium was replaced with growth medium modified to contain 30% serum,
and virus was harvested 40 h after transfection. The viral harvest was
repeated at 24-h intervals 3 times. The virus-containing media were
pooled and centrifuged at 800 � g for 5 min, and the supernatant was used
to infect ARPE19� cells. Successfully infected cells were selected on the
basis of their ability to proliferate in media containing puromycin (1 �g/
ml). The resulting cells were characterized by Western blotting using an
antibody against Raptor or Atg5.

Dichlorofluorescein assay. The level of intracellular H2O2 was deter-
mined by measuring the fluorescence of cells loaded with 2=,7=-dichloro-
fluorescein diacetate as described previously (13). Briefly, cells were rinsed
twice with Krebs-Ringer solution and incubated in Krebs-Ringer solution
containing DCFH-DA (5 �M). DCFH-DA is nonpolar and readily dif-
fuses into cells, where it is hydrolyzed to the nonfluorescent polar deriv-
ative DCFH, which cannot cross the cell membrane. In the presence of
H2O2, DCFH is oxidized to the highly fluorescent 2=,7=-dichlorofluores-
cein (DCF). Culture dishes were sealed with paraffin film and placed in a
CO2 incubator at 37°C for 5 min, after which time they were rinsed three
times with PBS and then the fluorescence was read with a Bio-Tek fluo-
rescence plate reader at excitation and emission wavelengths of 485 and
528 nm, respectively.
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Mitochondrion-localized redox-sensitive GFP mutant (Mito-
RoGFP). The mitochondrion-localized redox-sensitive GFP mutant
(Mito-RoGFP) has been described previously (31). It contains two engi-
neered cysteine thiols that were generated by introducing the following 4
point mutations in EGFP: C48S, Q80R, S147C, and Q204C. Localization
to the mitochondria was achieved by appending a 48-bp region encoding
the mitochondrial targeting sequence from cytochrome oxidase subunit
IV to the 5= end of the coding sequence. To stably express Mito-RoGFP in
ARPE19� cells, the Mito-RoGFP cDNA was first subcloned as a KpnI-
NotI fragment into a bacterial cloning vector (pVZ) that had also been
digested with the pair of restriction enzymes. The Mito-RoGFP cDNA was
moved from pVZ as a SalI-NotI fragment into a retroviral vector
(pLNCX3) that was digested with the same pair of restriction enzymes.
The resulting construct was transfected into 293GPG cells to obtain ret-
rovirus, which was used to infect ARPE19� cells as previously described
(32).

The ARPE19� cells that expressed Mito-RoGFP were selected in G418
(2 mg/ml) and then treated with dithiothreitol (DTT) (10 mM) or H2O2

(1 mM) for 1 h or RV for 10 min or 16 h. The treated cells were observed
using a confocal microscope and photographed at excitation wavelengths
of 408 and 490 nm and an emission wavelength of 525 nm. There were 5
photographs for each treatment, and the experiment was repeated three
times. The pixel density of each photograph was quantitated.

Acid washing. Acid washing to remove growth factors was performed
as previously described (33). Briefly, serum-starved ARPE19� cells were
treated with either PDGF-A (50 ng/ml) or RV (1: 2 dilution) for 10 min
and washed twice with acid wash buffer (50 mM glycine [pH 2.8], 150
mM NaCl, 1 mg/ml polyvinylpyrrolidone). The cells were then washed
once with PBS and cultured in starvation media for an additional 10
min or 16 h.

Kinase assay. Serum-deprived cells (F, F�, and F2) were treated with
PDGF-A (10 ng/ml) or RV for 10 min and then lysed in EB buffer.
PDGFR� was immunoprecipitated from clarified lysates with an antibody
against PDGFR� (27P). The kinase activity of immunoprecipitated
PDGFR� was assessed by its ability to phosphorylate 1 �g of a glutathione
S-transferase (GST)–phospholipase C� (PLC�) fusion protein that was
previously described (34). In addition to the PDGFR� immunoprecipi-
tate and GST-PLC� fusion protein, 20 mM piperazine-N,N=-bis(2-eth-
anesulfonic acid) (PIPES) (pH 7.0), 10 mM MnCl2, 10 �M ATP, and 20
�g/ml aprotinin were included in the assay. The reactions were permitted
to proceed for 10 min at 30°C, and they were stopped by adding 2�
sample buffer (58). The extent of phosphorylation was determined by
phosphotyrosine Western blot analysis.

Statistical analysis. Data from three independent experiments were
analyzed using the unpaired t test. P values of less than 0.05 were consid-
ered statistically significant.

RESULTS AND DISCUSSION
Vitreous promoted the formation of an SFK-PDGFR� complex
that was required for activation of PDGFR�. SFKs act down-
stream of PDGFR� that is activated by PDGF. Under these con-
ditions, PDGF assembles receptor dimers, triggers autophosphor-
ylation at many sites, including the pair of sites (Y572 and Y574)
located in the juxtamembrane (JM) domain that are a key element
of the docking site for the SH2 domains of SFKs (23, 24, 35, 36).

In cells exposed to non-PDGFs, SFKs act upstream of PDGFR�
wherein they are essential for activating PDGFR� monomers (13,
17). The realization that SFKs act both upstream and downstream
of PDGFR� suggested that the canonical PDGFR�-SFK relation-
ship does not encompass the full spectrum of how these two sig-
naling enzymes interact. In the studies described below, we inves-
tigated the nature of the SFK-PDGFR� relationship and its
importance for signaling by the indirectly activated PDGFR�.

The first step in this series was to test whether vitreous (RV),

which contains many non-PDGFs but only very low levels of
PDGFs (37, 38), promoted association between SFKs and
PDGFR�. As shown in Fig. 1A, it did; PDGFR� coprecipitated
with SFKs from vitreous-stimulated cells but not from unstimu-
lated cells. Furthermore, this complex was not detected in vitre-
ous-stimulated cells expressing the F2 mutant, which has Phe in
place of Tyr at residues 572 and 574 (Fig. 1A). These findings
indicate that vitreous promoted association of SFKs and PDGFR�
and that this complex was dependent on the JM tyrosine phos-
phorylation sites.

Given that the substrate preferences of PDGFR� and SFKs are
similar, we established which kinase was required for the SFK-
PDGFR� complex that formed in vitreous-stimulated cells.
Blocking SFK activity prevented recovery of the SFK-PDGFR�
complex from vitreous-stimulated cells, whereas this complex still
formed with a kinase inactive receptor mutant (Fig. 1A). We con-
clude that only the kinase activity of SFKs was required for the
association between SFKs and PDGFR� in response to vitreous.

To test whether vitreous also activated the kinase activity of
PDGFR�, we exposed cells to vitreous, immunoprecipitated
PDGFR�, and monitored its ability to phosphorylate an exoge-
nous substrate. As shown in Fig. 1B, vitreous increased the ability
of PDGFR� to phosphorylate GST-PLC�, one of the substrates
that PDGFR� phosphorylates in an in vitro setting (39). Vitreous-
mediated activation of PDGFR� was not observed for the F2 mu-
tant (Fig. 1B). Thus, vitreous stimulated the kinase activity of mo-
nomeric PDGFR�, and this event was dependent on two tyrosine
phosphorylation sites within the JM domain.

The left-hand panel of Fig. 1C summarizes the key principles
gleaned from this series of studies. In vitreous-stimulated cells,
SFKs phosphorylate PDGFR� and then associate with it. This
event proceeds independently of the PDGFR’s kinase activity. This
previously unappreciated mechanism for association of SFKs with
PDGFR� constitutes a typical relationship of an SH2 domain-
containing kinase and its substrate; the kinase first phosphorylates
the substrate and then associates with it because the peptide se-
quence preferred by the kinase matches the peptide sequence pre-
ferred by the SH2 domain (40). The sequence surrounding the two
JM domain tyrosine residues of PDGFR� is optimal for both Src’s
kinase and its SH2 domain (41, 42). A plausible reason that vitre-
ous also activates the kinase activity of PDGFR� is because phos-
phorylation of the JM tyrosines and/or binding of SFKs over-
comes the inhibitory influence of the JM domain on the receptor’s
kinase activity (43).

This sequence of events, which occurs when PDGFR� is acti-
vated indirectly, is distinct from what proceeds in response to
PDGF, which activates PDGFR� directly. While in both cases a
complex assembles between SFKs and PDGFR�, PDGF stimulates
the receptor’s kinase activity, which results in autophosphoryla-
tion of the JM tyrosines that permits subsequent association of
SFKs (right-hand panel of Fig. 1C). The kinase activity of SFKs is
dispensable in this scenario (Fig. 1A). Thus, while PDGFR� and
SFKs associate regardless of the type of agonist, the kinase that is
required for the association is agonist dependent; SFKs appear to
phosphorylate PDGFR� in vitreous-stimulated cells, whereas re-
ceptor autophosphorylation is the essential event in PDGF-stim-
ulated cells.

Formation of the SFK-PDGFR� complex was required to
mediate downstream signaling events. To investigate the impor-
tance of the SFK-PDGFR� complex for downstream signaling

Lei and Kazlauskas

112 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


events, we focused on vitreous-stimulated activation of Akt. Com-
pared with cells expressing wild-type (WT) PDGFR�, vitreous-in-
duced activation of Akt was substantially lower in F2 cells (Fig. 1D). In
contrast, the magnitudes of Akt activation were similar in both cell
lines exposed to PDGF (Fig. 1D). These results indicate that forma-
tion of the SFK-PDGFR�complex was more important for activating
Akt in response to vitreous than was PDGF. This conclusion is con-
sistent with a previous report that many PDGF-stimulated signaling
events were unimpaired by genetic ablation of SFKs (44).

While vitreous-mediated activation of Akt in F2 cells was re-
duced compared to cells expressing WT PDGFR�, it was still
clearly above the unstimulated level (Fig. 1D). This is because
vitreous contains many growth factors (38), which presumably act
via RTKs that are typically expressed by fibroblasts. Vitreous acti-
vated Akt in F cells (Fig. 1D), which contain no PDGFRs (29).

To investigate whether RV stimulated prolonged activation of
SFK and association with PDGFR�, we assessed these parameters
at both the 10-min and 16-h time points. As shown in Fig. 1E, RV
induced enduring activation of SFKs and association with
PDGFR�. In contrast, these events were short-lived in PDGF-
stimulated cells (Fig. 1E).

The mechanism by which vitreous and non-PDGFs activated
SFKs is by increasing the level of ROS (13). The fact that PDGF
elevates ROS (just like many other ligands for RTKs) (19) begs the
question of why PDGF failed to also induce the SFK-PDGFR�
relationship observed in vitreous-stimulated cells. The answer
emerged in our recently published studies revealing that
dimerized receptors are poor substrates for ROS-activated SFKs
(18). Thus, once PDGFRs are dimerized by PDGF, they are unable
to engage in the SFK-PDGFR� relationship (left-hand panel of

FIG 1 RV induced a unique SFK-PDGFR� relationship, which was required for activation of PDGFR� and downstream signaling events. (A) Near-confluent,
serum-starved F�, F2, and R627 (a kinase inactive point mutant [74]) cells were stimulated with PDGF-A (50 ng/ml) or normal rabbit vitreous (RV) for 10
min. Where indicated, the cells were pretreated with vehicle or SU6656 for 30 min. The cells were lysed, the lysates were immunoprecipitated with an
anti-Src antibody, and the resulting samples were subjected to Western blotting using an anti-PDGFR� antibody (27P) and an anti-Src antibody. The fold
values are the PDGFR�/Src ratio or the p-Akt/Akt ratio. The position of the 50-kDa heavy chain of the immunoprecipitating antibody (H-chain) is
indicated. The data presented are representative of three independent experiments. (B) Serum-deprived F, F�, and F2 cells were treated with PDGF-A (50
ng/ml) or RV for 10 min and lysed, and PDGFR� was then immunoprecipitated with an anti-PDGFR� antibody (27P). The immunoprecipitates were
subjected to an in vitro kinase assay in which the substrate was a GST-PLC� fusion protein. The extent of phosphorylation was monitored by Western
blotting using an antiphosphotyrosine antibody (pY20). The membranes were stripped and reprobed with antibodies against PDGFR� or GST. The
experimental results presented are representative of three independent experiments. p-PDGFR�, phosphorylated PDGFR�. (C) (Left) SFKs act upstream
of PDGFR; ROS-activated SFKs phosphorylate monomeric PDGFR� and subsequently associate with it. The kinase activity of SFKs is required for the
formation of the complex. (Right) SFKs act downstream of PDGFR; PDGF dimerizes PDGFRs and thereby triggers autophosphorylation that enables
stable association of SFKs. The kinase activity of PDGFR� is required for formation of the complex. P, phosphate group. (D) Serum-starved F, F2, and F�
cells were stimulated with PDGF-A (50 ng/ml) or RV for 10 min. Their lysates were subjected to Western blot analysis using the following antibodies:
anti-PDGFR� pY742 for p-PDGFR� and anti-Akt pS473 for p-Akt. The fold values are the p-PDGFR�/PDGFR� ratio or the p-Akt/Akt ratio. The data
presented are representative of three independent experiments. F cells express no PDGFRs. (E) Serum-deprived F� cells were treated with PDGF-A (50
ng/ml) or RV for 10 min (10 m) or 16 h and lysed, and the resulting lysates were immunoprecipitated with an anti-Src antibody (mouse origin) or a
nonimmune IgG as a control (C). The resulting immunoprecipitates were subjected to Western blot analysis using antibodies against phospho-Src or
PDGFR�. The membrane was reprobed with an anti-Src antibody. The data presented are representative of three experiments.
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Fig. 1C), even though ROS accumulates and presumably activates
SFKs in PDGF-stimulated cells (12, 19, 24).

In summary, these studies reveal that there are multiple kinases
capable of phosphorylating tyrosine residues with the JM domain
of PDGFR� and thereby triggering association with SFKs. This
event is essential for activating signaling events, such as Akt in the
indirect setting, whereas it is dispensable when PDGFR� is acti-
vated directly. We conclude that both the nature of the relation-
ship between PDGFR� and SFKs and the consequences are unique
to the mode by which PDGFR� is activated.

PDGFR� was the only RTK that was activated persistently in
response to vitreous. PVR develops at least in part because of a
break in the retina that exposes the underlying retinal pigment
epithelial (RPE) cells to vitreous (45). While vitreous contains a
cornucopia of growth factors and cytokines and RPE cells express
receptors for many of them, PDGFR� appears central to PVR
pathogenesis (29). To begin to address the underlying basis of this
phenomenon, we considered the spectrum and kinetics of RTK
activation in RPE cells exposed to vitreous.

As expected, receptors for growth factors present in vitreous
(such as fibroblast growth factor and IGF-1 [38]) were among the

RTKs activated in response to vitreous (Fig. 2A and B). Activation
of these RTKs was acute and transient, which reflects the fact that
ligands for RTKs often not only activate them but also promote
their internalization and degradation, thereby terminating their
output (46). A ligand-induced decline in RTKs was not obvious
under these experimental conditions, which did not inhibit the
ongoing synthesis of RTKs. When this type of experiment is done
in the presence of cycloheximide, a ligand-induced decline is read-
ily apparent (17). Vitreous also activated PDGFR�, but the kinet-
ics were unusual; phosphorylation increased gradually and per-
sisted to the 16-h time point; at this time point, activation of all
other vitreous-stimulated RTKs had subsided (Fig. 2A and B).
This same phenomenon was observed when lysates from vitreous-
stimulated cells were analyzed by immunoprecipitation/Western
blotting instead of phospho-RTK array (Fig. 2C and D). The re-
sults of this analysis indicate that the kinetics of PDGFR� activa-
tion was persistent, which contrasted with the transient activation
of four other RTKs.

Unmitigated activation of RTKs is one of the mechanisms
that underlie pathology. For instance, a constitutively activated
PDGFR� point mutant (D842V) is present in patients with gas-

FIG 2 PDGFR� was the only RTK that was activated persistently in response to RV. (A) ARPE19� cells were cultured in medium containing 10% FBS until
reaching 90% confluence and then starved in serum-free medium overnight. The cells were stimulated with vitreous from healthy rabbits (which contains low
or undetectable levels of active PDGFs [37, 38]) for 10 min or 2 or 16 h. The lysates were subjected to a phospho-RTK array following the manufacturer’s
instructions. Short and long exposures are presented. C, control; p-HGFR, phosphorylated hepatocyte growth factor receptor; p-InsR, phosphorylated insulin
receptor. (B) Summary of the results for all RTKs that were assayed. VEGFR1, vascular endothelial growth factor receptor 1; SCFR, stem cell growth factor
receptor; M-CSFR, macrophage colony-stimulating factor receptor; FGFR1, fibroblast growth factor receptor 1; MSPR, macrophage-stimulating factor receptor;
MuSK, muscle-specific kinase; DDR1, discoidin domain receptor kinase 1; ROR1, RTK-like orphan receptor 1; Insulin R, insulin receptor; HGFR, hepatocyte
growth factor receptor; PYK, proline-rich tyrosine kinase. Coordinates in parentheses refer to the blot in panel A. (C and D) Lysates from cells treated as described
above for panel A were immunoprecipitated with the indicated antibody and then subjected to Western blot analysis with an antibody recognizing the RTK
(bottom blot) or antiphosphotyrosine (top blot). The fold values are the p-PDGFR�/PDGFR� ratio or the p-EGFR/EGFR ratio. The data presented are
representative of three independent experiments. RV, rabbit vitreous. (E) Lysates from cells treated as described above for panel A were subjected to Western
blotting using the indicated antibodies. RasGAP was included as a loading control.
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trointestinal stromal tumors (1). Replacing one of the WT alleles
of PDGFR� with the D842V mutant results in widespread organ
fibrosis in adult mice (47). Since fibrosis is a quintessential feature
of PVR pathogenesis, we sought to investigate the underlying
mechanism by which vitreous activated PDGFR� persistently.

Several possibilities that we considered turned out to be poor
explanations for how vitreous induced prolonged activation of
PDGFR�. For instance, it did not seem to be due to vitreous-
mediated increased expression of PDGFR� (Fig. 2E) or because
vitreous promoted secretion of PDGF and thereby established an

FIG 3 Vitreous-driven activation of PDGFR� was selective, prolonged, and dependent on ROS. (A) Serum-starved ARPE19� cells were pretreated with NAC (10
mM) for 30 min and then stimulated with buffer (�), with PDGF-A, EGF, or IGF-1 (IGF) (each at 50 ng/ml), or with RV for 10 min. The lanes designated C1
and C2 were stimulated with buffer and RV, respectively. The cells were lysed, and the resulting lysates were immunoprecipitated using antibodies against
PDGFR�, EGFR, IGF-1R, or nonimmune IgG (C1 and C2). The resulting immunoprecipitates were subjected to Western blot analysis using an antiphospho-
tyrosine antibody (pY20). The membranes were reprobed with antibodies against PDGFR�, EGFR, or IGF-1R. The fold values are the p-PDGFR�/PDGFR�
ratio, the p-EGFR/EGFR ratio, or the p-IGF-1R/IGF-1R ratio. The data are representative of three experiments; similar results were obtained when the
experiment was repeated with primary human corneal fibroblasts instead of ARPE19� cells (data not shown). (B) Serum-deprived ARPE19� cells were pretreated
with NAC (10 mM) for 30 min before stimulation with PDGF-A (50 ng/ml) or RV for 10 min. For the 16-h stimulation with PDGF-A or RV, the 30-min NAC
(10 mM) treatment was from 15.5 to 16 h. Following stimulation, the cells were lysed and subjected to Western blotting using the indicated antibodies. The fold
values are the p-PDGFR�/PDGFR� ratio or the p-Akt/Akt ratio. The blots presented are representative of three experiments. (C) Serum-starved ARPE19� cells
were treated with PDGF-A (50 ng/ml) or RV for 10 min, acid washed (to remove the growth factors), and harvested either at 10 min or at 15 h and 50 min later.
The lysates were subjected to Western blot analysis using a phospho-PDGFR� Y754 antibody. The membrane was reprobed with a PDGFR� antibody (27P). The
fold values are the p-PDGFR�/PDGFR� ratio. The data presented are representative of three experiments.
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autocrine loop, since neutralizing PDGFs had no effect on this
phenomenon (data not shown). Furthermore, it did not depend on
overexpression of PDGFR� (which was the case for the RPE cells used
in Fig. 2), because vitreous induced persistent activation of PDGFR�
in unmanipulated primary RPE cells (data not shown).

A more productive line of inquiry focused on the mechanism
by which vitreous activated PDGFR�. Vitreous from healthy rab-
bits contains very little PDGF (37, 38); it activates PDGFR� via
non-PDGFs, which are growth factors outside the PDGF family
such as basic fibroblast growth factor (bFGF), insulin, hepatocyte
growth factor (HGF), and epidermal growth factor (EGF) (5, 13).
Non-PDGFs bind to their own receptors, increase the level of
ROS, and activate SFKs, which promote activation of monomeric
PDGFR� (13, 18). Importantly, this indirect, intracellular mode
of activating PDGFR� does not prompt its internalization and
degradation; consequently, vitreous-activated PDGFRs are long-
lived (17, 18).

However, this explanation seems incomplete because PDGFR�
remained activated well beyond the time frame that RTKs ele-
vate ROS and activate SFKs (19, 24). While the established
requirement for ROS and SFKs to indirectly activate PDGFR�
provides a plausible explanation for the early activation of
PDGFR� in response to vitreous, an additional mechanism
seemed responsible for maintaining PDGFR� activity once
non-PDGF-mediated elevation of ROS and activation of SFKs
subsided. What is responsible for activating PDGFR� when all
of the other vitreous-activated RTKs have returned to baseline?
The search for an answer to this question led us to consider
whether an alternative and enduring source of ROS was driving
prolonged activation of PDGFR�.

Vitreous-driven activation of PDGFR� was selective, pro-
longed, and dependent on ROS. To begin to test whether vitre-
ous-driven activation of PDGFR� was both selective and ROS
dependent, we acutely stimulated cells with vitreous or ligands for
specific RTKs (PDGF-A, EGF, and IGF-1), immunoprecipitated
the corresponding RTK, and evaluated the extent of tyrosine
phosphorylation. As shown in Fig. 3A, vitreous increased tyrosine
phosphorylation of all three RTKs. Repeating the experiment in
the presence of N-acetyl cysteine (NAC) revealed that vitreous-
dependent phosphorylation of PDGFR� was largely eliminated,
whereas phosphorylation of the other RTKs was unaffected (Fig.
3A). Ligand-mediated tyrosine phosphorylation of RTKs was in-
sensitive to NAC in all cases (Fig. 3A). These results indicate that
only phosphorylation of PDGFR� was dependent on ROS in vit-
reous-stimulated cells, whereas the other two RTKs were not. Sim-
ilar results were observed when these experiments were repeated
with primary human corneal fibroblasts, instead of ARPE19�
cells, which were used for the experiments shown in Fig. 3A (data
not shown).

We previously reported that acute, vitreous-stimulated phos-
phorylation of PDGFR� was dependent on ROS (13). The exper-
imental results shown in Fig. 3B indicated that the same was true
for prolonged activation of both PDGFR� and Akt.

To further characterize the nature of prolonged activation of
PDGFR� in vitreous-stimulated cells, we considered whether it
required continuous exposure to vitreous. To this end, cells were
exposed to vitreous for 10 min, vitreous was removed by a previ-
ously established acid wash procedure (33), and the cells were
harvested 10 min later (“20m” in Fig. 3C) or 15 h and 50 min later
(“16h” in Fig. 3C). The abrupt and profound decline in PDGF-

mediated PDGFR� phosphorylation was expected in light of the
efficacy of the acid wash and the short half-life of PDGF-activated
PDGFR� (33, 48). Removing the vitreous had no effect on the
extent of PDGFR� phosphorylation (Fig. 3C), which indicates
that enduring phosphorylation of PDGFR� is not dependent on
continuing exposure to vitreous. Taken together, these results in-
dicate that vitreous-mediated activation of PDGFR� was selective,
prolonged, dependent on ROS, and self-perpetuating.

Vitreous stimulated mTOR complex 1 (mTORC1)-depen-
dent elevation of ROS, which was required for persistent ac-
tivation of PDGFR�. Reports from numerous labs indicate
that activation of mTOR blocks autophagy and thereby allows
accumulation of organelles, including mitochondria, which pro-
duce ROS (20, 49–51). Since vitreous-mediated activation of
PDGFR� engages the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway (17), which activates mTOR (52), we speculated that en-
during activation of PDGFR� in vitreous-stimulated cells was de-
pendent on an mTOR-mediated elevation in ROS (Fig. 4). Con-
sistent with this idea was the observation that vitreous stimulated
prolonged activation of mTOR and S6K (Fig. 5A). Furthermore,
pharmacologically (addition of rapamycin) or molecularly (re-
ducing expression of Raptor) suppressed mTOR activity and re-
duced the level of ROS and extent of PDGFR� phosphorylation in
cells exposed to vitreous (Fig. 5B to E). Importantly, this effect was
observed at the 16-h time point but not at the 10-min time
point. Finally, rapamycin not only blocked vitreous-stimulated
PDGFR� but also blocked its ability to promote proliferation (Fig.
5F). These data indicate that mTOR made an essential contribu-
tion to prolonged activation of PDGFR� and elevation of ROS,
whereas it was dispensable for acute induction of these responses.
The distinct requirement for mTOR suggested that the response
to vitreous consisted of acute and prolonged phases that were
dependent on nonidentical sets of signaling intermediates.

FIG 4 Non-PDGFs in vitreous persistently activated PDGFR� by triggering a
ROS-mediated self-perpetuating loop. Non-PDGFs in vitreous engage their
own receptors and thereby acutely activate NADPH oxidase at the plasma
membrane (19, 56, 57). The resulting rise in ROS activates SFKs (59, 60),
which derepress the kinase activity of monomeric PDGFR� (13, 17). This
priming event involves autophosphorylation of PDGFR� and activation of the
PI3K/Akt pathway that engages mTORC1 and suppresses autophagy (17, 49,
50, 52). These events lead to an accumulation of ROS from mitochondrial
sources, which sustain a pool of activated SFKs and thereby close an intracel-
lular, ROS-driven autocrine loop that results in enduring activation of
PDGFR�.
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Inhibition of autophagy was necessary for vitreous-medi-
ated, persistent activation of PDGFR�. As mentioned above,
mTOR-mediated suppression of autophagy is a plausible mecha-
nism by which vitreous was elevating mitochondrial ROS and
chronically activating PDGFR�. In support of this possibility, we
observed that vitreous suppressed expression of beclin-1 (Fig.
6A), an indicator of autophagy (53). The timing of this change (16
h) corresponded to when mitochondrial ROS was elevated (see
Fig. 7 below). Furthermore, antagonizing autophagy (by reducing

the level of Atg5 [54]) enhanced vitreous-mediated elevation of
ROS (albeit modestly) and activation of PDGFR� and down-
stream signaling events (Fig. 6B and D). The timing of this en-
hancement corresponded to when ROS was required from the
mitochondria (16 h) and not the plasma membrane (via Nox at 10
min) (Fig. 7). Finally, activating autophagy (by exposing cells to
tetrahydrocannabinol [THC] [55]) reduced vitreous-mediated el-
evation of ROS (albeit modestly) and activation of PDGFR� and
downstream signaling events at the late, but not the early, time

FIG 5 RV stimulated mTORC1-dependent elevation of ROS, which was required for persistent activation of PDGFR�. (A and B) Near-confluent, serum-starved
ARPE19� cells were pretreated with vehicle or rapamycin (100 nM) for 30 min and then stimulated with rabbit vitreous (RV) for 10 min or 16 h. The cells were
harvested, and the resulting lysates were subjected to Western blot analysis with the following antibodies: pSer 2448 for p-mTOR and p-p70 S6 kinase for p-S6K.
The fold values are the p-PDGFR�/PDGFR� ratio, the p-mTOR/mTOR ratio, or the p-S6K/S6K ratio. The data presented are representative of three independent
experiments. (C) Cells were treated as described above for panel B and then washed, and the ROS level was determined as described in Materials and Methods.
Values that are statistically significantly different (P � 0.05) are indicated by an asterisk and bar. Values that are not statistically significantly different are
indicated by NS and a bar. (D) Near-confluent, serum-starved ARPE19� cells that stably expressed shRNA directed against gfp or raptor were treated with RV for
10 min or 16 h. The cells were lysed, and the resulting lysates were subjected to Western blot analyses using the indicated antibodies. The fold values are the
p-PDGFR�/PDGFR� ratio or the Raptor/RasGAP ratio. The data presented are representative of three independent experiments. (E) Same as panel D, except
that instead of lysing the cells for Western blot analysis, the level of ROS was determined as described in Materials and Methods. Values that are statistically
significantly different (P � 0.05) are indicated by an asterisk and bar. Values that are not statistically significantly different are indicated by NS and a bar. (F)
Serum-starved ARPE19� cells were cultured in medium containing RV, rapamycin (Rapa) (100 nM), or NAC (10 mM) for 3 days. The medium was refreshed
daily, and the cells were counted at the end of day 3. These data are means � standard deviations (SD) from three independent experiments. Values that are
statistically significantly different (P � 0.05) are indicated by an asterisk and bar. Similar results were obtained when this experiment was repeated using primary
human corneal fibroblasts instead of ARPE19� cells (data not shown).
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point (Fig. 6C). These results indicate that suppression of au-
tophagy was required for the enduring elevation of ROS and acti-
vation of PDGFR� and downstream signaling events in cells ex-
posed to vitreous.

Mitochondrial ROS was required for persistent activation of
PDGFR� in response to vitreous. The acute (within minutes) rise
in ROS seen in cells exposed to growth factors is due to Rac1-
mediated activation of Nox (19, 56, 57). Consistent with these
previous observations, we found that this source of ROS was re-
quired for early activation of PDGFR� and downstream signaling
events (Akt, mTOR, and S6K) in vitreous-stimulated cells (Fig. 7B).
In contrast, Nox inhibitors were ineffective on these events at the 16-h
time point (Fig. 7B). Furthermore, mitochondrial inhibitors blocked
vitreous-dependent activation of PDGFR� and downstream signal-
ing events at the 16-h time point but had no effect at 10 min (Fig.
7A). Neither source of ROS was required for ligand-mediated ac-
tivation of PDGFR� (Fig. 7A and B), which is consistent with our
previous observation that antioxidants selectively interfered with
the vitreous-mediated mode of activating PDGFR� (13, 58).

As a complementary approach to test the idea that the vitreous
triggered a rise in mitochondrial ROS, we engineered cells to ex-
press a mitochondrion-localized redox-sensitive GFP mutant
(31). As illustrated in Fig. 7C, increasing ROS (by adding H2O2)
decreased the emission ratio measured at 484 and 400 nm,
whereas the antioxidant dithiothreitol (DTT) increased this emis-
sion ratio. Figure 7C also shows that vitreous decreased the emis-

sion ratio and that this change was observed at 16 h but not at 10
min. This finding is consistent with the conclusions of the phar-
macological approach, indicating that the mitochondria were the
source of the ROS at the 16-h time point. The data in Fig. 7 sup-
port the idea that prolonged activation of PDGFR� in vitreous-
stimulated cells is dependent on mitochondrial ROS.

The results presented herein, along with the references cited,
support the working hypothesis diagrammed in Fig. 4 for the
mechanism by which PDGFR� is steadfastly activated in cells ex-
posed to vitreous. Non-PDGFs in vitreous engage their own re-
ceptors and thereby acutely activate Nox in the plasma membrane
(19, 56, 57). The resulting rise in ROS activates SFKs (59, 60), which
derepress the kinase activity of monomeric PDGFR� (13, 17). This
priming event involves autophosphorylation of PDGFR� and acti-
vation of the PI3K/Akt pathway that engages mTORC1 and sup-
presses autophagy (17, 49, 50, 52). These events lead to an accu-
mulation of ROS from mitochondria, which sustain a pool of
activated SFKs and thereby close an intracellular, ROS-driven
loop that results in enduring activation of PDGFR�.

The mechanism outlined in Fig. 4 provides a plausible expla-
nation for the antifibrotic action of rapamycin in both experimen-
tal animals and patients (61–63). By inhibiting mTOR, rapamycin
increases autophagy and thereby reduces the level of ROS emanat-
ing from mitochondria (20). This line of reasoning depends on the
assumption that indirect activation of PDGFR� is an epigenesis-
based mechanism that contributes to fibrotic diseases other than

FIG 6 Inhibition of autophagy was necessary for RV-mediated, persistent activation of PDGFR�. (A) ARPE19� cells were permitted to reach 70% confluence,
serum starved, exposed to RV for 10 min or 16 h, and then lysed. The resulting lysates were subjected to Western blot analysis using the indicated antibodies.
RasGAP served as a loading control. The fold values are the beclin-1/RasGAP ratio. The data presented are representative of three independent experiments. (B)
Near-confluent, serum-starved ARPE19� cells that stably expressed shRNA directed against gfp or atg5 were treated with RV for 10 min or 16 h. The cells were
lysed, and the resulting lysates were subjected to Western blot analyses using the indicated antibodies. (C) Near-confluent, serum-starved ARPE19� cells were
pretreated with THC (5 �M) for 110 min, after which time RV was added and the cells were lysed 10 min later; the cells were exposed to drug and RV for 120 and
10 min, respectively. To monitor the effect of THC at the 16-h time point, the cells were first exposed to RV for 14 h and then THC was added and the cells were
lysed 120 min later; the cells were exposed to THC and RV for 120 min and 16 h, respectively. The lysates were subjected to Western blot analyses using the
indicated antibodies. In panels B and C, the fold values are the p-PDGFR�/PDGFR� ratio, the p-Akt/Akt ratio, the p-mTOR/mTOR ratio, the p-S6K/S6K ratio,
or the Atg5/RasGAP ratio. The data presented are representative of three independent experiments. (D and E) Same as panels B and C, respectively, except that
instead of lysing the cells for Western blot analysis, the level of ROS was determined as described in Materials and Methods. Values that are statistically
significantly different (P � 0.05) are indicated by an asterisk and bar. Values that are not statistically significantly different are indicated by NS and a bar.
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PVR. Support for this concept stems from the observation that
mice harboring the D842V PDGFR� mutant, which engages sig-
naling events that are preferentially engaged by the indirectly ac-
tivated PDGFR� (17), develop fibrosis in multiple organs (47).
Ongoing investigation is focused on testing this possibility.

While inhibition of autophagy and subsequent accumulation
of ROS from the mitochondria were the emphasis of this study,
there are additional mechanisms that may contribute to sustain-
ing activation of PDGFR� in cells exposed to vitreous. For in-
stance, activation of the PI3K/Akt pathway enhances glucose up-
take and thereby elevates ROS (64, 65). Since vitreous activates the
PI3K/Akt pathway (17), it may also deregulate glucose metabo-

lism and thereby increase and sustain an elevated level of ROS.
Alternatively, or perhaps in addition, since vitreous potently re-
duces the level of p53 (17), this change may contribute to a rise in
ROS by depressing expression of antioxidant genes (66).

Like these intracellular changes, the composition of growth
factors to which cells are exposed is likely to be a relevant variable
in determining the duration of PDGFR� activation. PDGFs and
non-PDGFs trigger acute or enduring activation of PDGFR�, re-
spectively. When saturating levels of both PDGF and non-PDGFs
are present, then acute activation predominates because PDGF
induces dimerization of PDGFR� and thereby both shortens the
half-life of PDGFR� and makes it a poor substrate for SFKs (67).

FIG 7 Mitochondrial ROS was required for persistent activation of PDGFR� in response to RV. (A and B) Near-confluent, serum-starved ARPE19� cells were
pretreated with antimycin A (0.5 �M) (a mitochondrial electron transport inhibitor) or diphenyleneiodonium chloride (DPI) (5 �M) (an NADPH oxidase
[NOX] inhibitor) for 20 min, after which time RV was added and the cells were lysed 10 min later; the cells were exposed to drug and RV for 30 and 10 min,
respectively. To monitor the effects of the inhibitors at the 16-h time point, the cells were first exposed to RV for 15.5 h, the inhibitors were added, and the cells
were lysed 30 min later; the cells were exposed to drug and RV for 30 min and 16 h, respectively. The lysates were subjected to Western blot analyses using the
indicated antibodies. The fold values are the p-PDGFR�/PDGFR� ratio, the p-Akt/Akt ratio, the p-mTOR/mTOR ratio, or the p-S6K/S6K ratio. The data
presented are representative of three independent experiments. Similar results were observed when carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (50 �M)
(a mitochondrial electron transport inhibitor) and acetovanillone (apocynin) (10 �M) (a NOX inhibitor) were used instead of antimycin and DPI (data not
shown). (C) Near-confluent, serum-starved ARPE19� cells stably expressing a mitochondrion-localized redox-sensitive GFP mutant (31) were treated with DTT
(1 mM) for 1 h, RV for 10 min or 16 h, or H2O2 (1 mM) for 30 min. The panels are photos of representative cells that were illuminated with an excitation
wavelength of 400 nm or 484 nm and an emission wavelength of 525 nm. Five exposures were measured of different areas (consisting of the three to five cells) for
each experimental condition. Values in the bar graph are means � SD from at least 3 independent experiments. Values that are statistically significantly different
(P � 0.05) are indicated by an asterisk and bar. Values that are not statistically significantly different are indicated by NS and a bar.
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Surprisingly, when vascular endothelial growth factor (VEGF) is
also present, then indirect activation of PDGFR� predominates.
This is because VEGF binds to monomeric PDGFR� and not only
prevents PDGF from dimerizing it but also enables its activation
by SFKs (18). Finally, since activating mTORC1 can increase the
level of hypoxia-inducible factor 1� (HIF1�), which promotes
synthesis of VEGF (68), chronically activated PDGFR� may in-
crease the level of VEGF by this mTORC1-driven route and
thereby perpetuate its activation. We conclude that both the com-
position of growth factors that cells encounter and the intracellu-
lar signaling events that they initiate conspire to chronically acti-
vate PDGFR�.

Our findings that antagonizing autophagy is essential for pro-
longed activation of PDGFR� suggest that autophagy promotes
tumorigenesis (69) at least in part by chronically activating
PDGFR�. This possibility is supported by the observation that
constitutive activation of PDGFR� is associated with a subset of
solid tumors (3, 70–72). While genetic changes or coexpression
with PDGF is often observed and therefore the presumed mecha-
nism driving pathology, our findings suggest that the mitochon-
drial ROS-driven mechanism may also contribute. Furthermore,
reducing the level of p53, which the chronically activated
PDGFR� does very effectively (17), may predispose cells to sec-
ondary events that promote cancer progression (73). Additional
studies are necessary to further consider these possibilities.
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