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Platelet-Derived Growth Factor/Vascular Endothelial Growth Factor
Receptor Inactivation by Sunitinib Results in Tscl/Tsc2-Dependent
Inhibition of TORC1
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Vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) receptors are implicated in development
and tumorigenesis and dual inhibitors like sunitinib are prescribed for cancer treatment. While mammalian VEGF and PDGF
receptors are present in multiple isoforms and heterodimers, Drosophila encodes one ancestral PDGF/VEGF receptor, PVR. We
identified PVR in an unbiased cell-based RNA interference (RNAi) screen of all Drosophila kinases and phosphatases for novel
regulators of TORCI. PVR is essential to sustain target of rapamycin complex 1 (TORC1) and extracellular signal-regulated ki-
nase (ERK) activity in cultured insect cells and for maximal stimulation by insulin. CG32406 (henceforth, PVRAP, for PVR adap-
tor protein), an Src homology 2 (SH2) domain-containing protein, binds PVR and is required for TORC1 activation. TORC1
activation by PVR involves Tsc1/Tsc2 and, in a cell-type-dependent manner, Lobe (ortholog of PRAS40). PVR is required for cell
survival in vitro, and both PVR and TORC1 are necessary for hemocyte expansion in vivo. Constitutive PVR activation induces

tumor-like structures that exhibit high TORC1 activity. Like its mammalian orthologs, PVR is inhibited by sunitinib, and
sunitinib treatment phenocopies PVR loss in hemocytes. Sunitinib inhibits TORCI1 in insect cells, and sunitinib-mediated
TORCI inhibition requires an intact Tsc1/Tsc2 complex. Sunitinib similarly inhibited TORC1 in human endothelial cells in a
Tscl/Tsc2-dependent manner. Our findings provide insight into the mechanism of action of PVR and may have implications for

understanding sunitinib sensitivity and resistance in tumors.

Vascular endothelial growth factor (VEGF) and platelet-de-
rived growth factor (PDGF) receptors are receptor tyrosine
kinases (RTKs) broadly implicated in development and cancer
pathogenesis. PDGF receptors (PDGFRs) are primarily expressed
in fibroblasts and vascular mural cells, where they are important
for cell survival, proliferation, and migration (1, 2). VEGF recep-
tors (VEGFRs) are expressed in endothelial cells and are impor-
tant for embryonic vasculogenesis and angiogenesis (3, 4). In ad-
dition, VEGFRs are also expressed in hematopoietic cells, where
they support cell survival and regulate cell migration (5, 6). Recent
evidence suggests that hematopoietic stem cells and endothelial
cells are derived from the same precursors (7-9).

PDGF and VEGF receptors share common structural features,
including an extracellular ligand binding domain with multiple
immunoglobulin repeats, an intracellular juxtamembrane region
(JMR), and an intracellular split kinase domain (3, 10). These
receptors are in the same RTK subfamily and share a similar struc-
ture with KIT protein, the stem cell growth factor receptor (3, 11).
In humans, there are two PDGF receptors, a and {3, and three
VEGEF receptors, VEGFR1 to VEGFR3. Members of the PDGF and
VEGF receptor families form both homo- and heterodimers.
There are four genes encoding PDGFR ligands, PDGFA to
PDGFD (2), and five genes encoding ligands for VEGFRs, VEGFA
to VEGFD and placenta growth factor (PIGF) (3, 5, 12). VEGFRs
and PDGEFRs relay overlapping but not identical signals. Recruit-
ment and activation of phospholipase C gamma (PLCvy) have
been observed for all receptors except VEGFR3, and activation of
phosphatidylinositol 3-kinase (PI3K) and Akt is observed down-
stream of all receptors except VEGFR1 (3, 10). Both PDGFRs ac-
tivate protein kinase C (PKC) and c-Jun N-terminal kinase (JNK)
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(10, 13). In addition, activation of extracellular signal-regulated
kinase (ERK) is observed upon stimulation of VEGFR2, VEGFR3,
PDGFRa, and PDGFR (3, 10, 13, 14). Importantly, PDGF recep-
tors and VEGF receptors have been found to be mutated in cancer,
such as in gastrointestinal stromal tumors (GISTs) (11), various
myeloproliferative syndromes (11, 15), and angiosarcomas (16).
An important regulator of cell growth and proliferation is tar-
get of rapamycin complex 1 (TORC1). TORCI phosphorylates S6
kinase (S6K) and initiation factor 4E-binding protein 1 (4E-BP1),
both regulators of protein translation (17, 18). TORC1 activation
is observed upon VEGF stimulation in endothelial cells (19) and
cardiac myocytes (20). Importantly, TORCI inhibition with rapa-
mycin blocks VEGF-induced endothelial cell proliferation (19).
Similarly, PDGF stimulation leads to the activation of S6K (21,
22). Multiple mechanisms are implicated in TORCI regulation by
mitogens. The kinases ERK (23), ribosomal S6 kinase (RSK) (24),
and Akt (25-28) have all been shown to directly phosphorylate the
protein tuberous sclerosis complex 2 (TSC2). TSC2 binds tuber-
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ous sclerosis complex 1 (TSC1) to form a complex, TSC1/TSC2,
with tumor suppressor function that acts as a GTPase activating
protein toward Ras homolog enriched in brain (Rheb), a small
GTPase required for TORCI activation (18). While the molecular
mechanism remains unclear, phosphorylation of TSC2 by ERK,
RSK, and Akt leads to TORCI activation. Akt also phosphorylates
the proline-rich Akt substrate of 40 kDa (PRAS40) (29, 30), which
functions as an inhibitory TORC1 substrate (31, 32). The impor-
tance of TORCL in cancer biology is illustrated by the develop-
ment and FDA approval of rapamycin analogs for cancer treat-
ment, temsirolimus and everolimus (33).

The importance of VEGF and PDGF signaling in cancer biol-
ogy led to the development of VEGF and PDGF receptor inhibi-
tors such as sunitinib (34). Sunitinib is a small molecule that mim-
ics ATP and has direct antitumor effect on cells that depend on
RTKs such as VEGFR2, PDGFRR, or ¢-KIT for their survival or
proliferation. Sunitinib also acts on cells of the tumor microenvi-
ronment, such as endothelial and vascular mural cells, where in-
hibition of VEGFR2 and PDGFRB, respectively, has antiangio-
genic effects. This has been proposed as the underlying
mechanism of sunitinib action against renal cell carcinoma (35).

A challenge in the study of VEGF and PDGF signaling results
from the existence of multiple ligands and receptors. Interestingly,
however, there is a single receptor in Drosophila, the PDGF/VEGF
receptor, or PVR (36, 37). Like VEGF and PDGF receptors, PVR
consists of an extracellular domain composed largely of immuno-
globulin repeats and a split tyrosine kinase domain (37). PVR is
expressed in cells from the hematopoietic lineage (37, 38) and has
been implicated in survival (38), proliferation (39, 40), and mi-
gration (36, 37). Like VEGF and PDGF receptors, PVR activates
PI3K (41) and Ras (36-38, 42). In addition, PVR has also been
implicated in the regulation of c-Jun N-terminal kinase (JNK) (43,
44), and this involves the adaptor protein Crk (43). However,
whether PVR regulates TORC1 is unknown.

MATERIALS AND METHODS

Cell culture and drugs. Kc and S2 Drosophila cells were maintained in 1X
Schneider medium (Invitrogen) supplemented with 10% fetal bovine se-
rum (FBS) (Sigma) and 1% penicillin-streptomycin (P-S) (Sigma) in a
humidified 25°C incubator.

Human umbilical vein endothelial cells (HUVEC) and human dermal
microvascular endothelial cells (HDMEC) were purchased from Scien-
Cells Research Laboratories (Carlsbad, CA) and were maintained in en-
dothelial cell medium (ECM) (catalog number 1001; ScienCells Research
Laboratories). Plates were coated with 0.5% gelatin (Sigma) for 30 min
and then 20% FBS in phosphate-buffered saline (PBS; Sigma) for 30 min
at 37°C.

Rapamycin and sunitinib were purchased from LC Laboratories.

Fly reagents. The following plasmids were generous gifts: pGAL4 (lab-
oratory database reference, p489), pUAST (p490), pMT-V5hisA (p540),
pHA-UAST (where HA is hemagglutinin) (p667) (J. Jiang, University of
Texas [UT] Southwestern Medical Center), pCoPuromycin (p544) (T.
Megraw, UT Southwestern Medical Center), pUAST-3HA-d4E-BP
(p639) (45), pUAST-PVR (p575), pUAST-A-PVR (p641) (36), and
pUAST-HA-myr-dAKT (p638) (46). The following fly stocks were used in
this study: He-Gal4, MS1096 Gal4, and an upstream activation sequence
(UAS)-TOR RNA interference (RNAi) construct (Bloomington Drosoph-
ila Stock Center); UAS-A-PVR and UAS-PVR (Pernile R6th) (36); UAS-
PVR DN (where DN is dominant negative) (Denise Montell) (36); UAS-
PVR RNAi A (Vienna Drosophila RNAi Center); UAS-PVR RNAi B
(8222R-3; Fly Stocks of the National Institute of Genetics, Japan); UAS-
Charybdis and UAS-Scylla (Ernst Hafen) (47).
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Cloning and site-directed mutagenesis. The coding sequence of the
C-terminal 240 amino acids of PVR (PVR tail) was amplified from
pUAST-PVR using the PVR-pet primer pair (see Table S1 in the supple-
mental material) and cloned into pET-11a (p492) (Novagen) using Ndel
(New England BioLabs) and BamHI (New England BioLabs) to generate
PET-PVR-his (p640).

To generate pUAST-PVR-N1159K (p683), pUAST-PVR-G1166P
(p682), and pUAST-PVR-Y1160D (p684), site-directed mutagenesis was
performed using pUAST-PVR as the template with primer pairs shown in
Table S1 in the supplemental material and Pfu. Briefly, PCR products were
purified using a PCR purification kit (Qiagen) and ligated with T4 DNA
ligase (New England BioLabs); the parental plasmid was digested with
Dpnl, and the reaction product was transformed into XL1-Blue. cDNAs
with mutations were confirmed by capillary sequencing.

The coding sequence for Drosophila Ras85D was amplified from a
Drosophila Ras85D ¢cDNA using a Ras85DV12 primer pair that included
the G12V mutation (see Table S1) inserted into pUAST using EcoRI and
Notl restriction sites to make pUAST-Ras85DV12 (p668).

The coding sequence of CG32406 was amplified using a CG32406
cloning primer pair (see Table S1 in the supplemental material) from
Drosophila CG32406 cDNA. The PCR product was digested with BglIT and
Notl and ligated into pHA-UAST (previously cut with the same enzymes)
to generate pUAST-HA-CG32406 (p678). pMT-HA-CG32406 (p843)
was generated by cutting out the CG32406 coding sequence from pUAST-
HA-CG32406 using EcoRI and NotI and then ligating it into the pMT-
V5hisA digested with the same enzymes. The integrity of cDNAs or mu-
tations generated by PCR or site-directed mutagenesis was confirmed by
capillary sequencing.

Drosophila RNAi. Double-stranded RNAs (dsRNAs) were generated
as described previously (48) using the primers listed in Table S1 in the
supplemental material. RNAi was performed as described previously (48).
Three micrograms of each dsRNA was used per well of a 12-well plate
containing 1 X 10° to 1.25 X 10° Kc or S2 cells. When two or more
dsRNAs were used, total dsRNA amounts were kept constant using con-
trol dsRNA (either (3-galactosidase [(3-Gal] or luciferase [Luc]). B-Galac-
tosidase and luciferase dsSRNAs were generated using genomic DNA from
Redd1P-8°/B-8° cells (49) or pcDNA3-Luc (p216) as templates.

Plasmid transfections and stable Kc cell line generation. Approxi-
mately 1 X 10° Kc cells were plated per well (12-well plate), and the next
day, cells were transfected with 0.45 and 0.15 pg/well of expression vector
and pGAL4 driver, respectively, using Effectene (Qiagen) according to the
manufacturer’s instructions.

To generate Kc stable cell lines, cells were plated as described above.
On the next day, cells were transfected with 270 ng of pMT-CG32406 and
30 ng of pCoPuromycin using Effectene as described above. Three days
later, cells harboring plasmids were selected using 2 pg/ml puromycin
(Sigma). Every 3 days, cells were split, or medium was changed until all
cells in the negative-control plate were dead. To induce protein expres-
sion, CuSO, (0.7 wM; Sigma) was added to cells and incubated for 20 h
before samples were harvested for analysis.

Cell proliferation assays. Approximately 5,000 cells (Kc or S2) were
plated per well on a 96-well white clear-bottom plate (Fisher), and ~24 h
later, sunitinib or dimethyl sulfoxide (DMSO) was added to the indicated
final concentrations (see figures and legends). Proliferation was assayed
using a CellTiter-Glo kit (Promega) and PolarStar plate reader (BMG
Labtech).

Proliferation assays of Kc cells treated with different dsSRNAs was per-
formed using 24-well plates, and RNAi was performed as described above
with the following changes: Kc cells were plated at 4 X 10° to 5 X 10°
cells/well, and 1.5 pg of dsRNA/gene to be knocked down was used.

PVR antibody generation. pET-PVR-His was transformed into
BL21(DE3) tonA::'Tn10, and protein expression was induced with 100 uM
isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h. Bacteria were pel-
leted, resuspended in PBS, and lysed using Cell Lytic Express (Sigma)
according to the manufacturer’s instructions. Insoluble material was re-
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moved by centrifugation at 10,000 X g for 15 min at 4°C, and the super-
natant was used as the input for purification of His-PVR tail using Talon
resin (Clontech). Purified protein was used to raise PVR antibodies in
rabbits by ProSci Incorporated (Poway, California).

Apoptosis assay. Cells treated for 3 days with either Luc or PVR
dsRNA were evaluated using a DeadEnd fluorometric TUNEL (terminal
deoxynucleotidyltransferase-mediated fluorescein-12-dUTP nick end la-
beling) System (Promega) according to the manufacturer’s instructions
and assessed by fluorescence-assisted cell sorting (FACS) using a FACS
ARIA Tinstrument (BD). In the case of Diap1 dsRNA, cells were harvested
for FACS analysis after 24 h of treatment. When cells were treated with
Z-VAD (N-benzyloxycarbonyl-Val-Ala-Asp; Sigma), 20 M was added
immediately after the RNAi procedure. To assess apoptosis of cells ex-
posed to either rapamycin or sunitinib, cells were plated at 15 X 10° per
100-mm-diameter plate for 24 h and then exposed to vehicle (methanol
for rapamycin or DMSO for sunitinib), rapamycin (25 nM), or sunitinib
(10 wM) for 48 h.

BrdU incorporation assay. Cells were plated in 60-mm-diameter
discsat 6 X 10° cells/plate for 24 h and then exposed to vehicle or sunitinib
for another day. On the third day, bromodeoxyuridine (BrdU) (50 wM;
Sigma) was added and incubated for 20 h. Cells were pelleted and pro-
cessed according to Crevel et al. (50), and 2 pl of 20 ng/pl of total DNA,
undiluted or serially diluted, was spotted on Amersham Hybond 0.45-
pm-pore-size nylon membrane. BrdU incorporation was detected using
mouse monoclonal anti-BrdU antibody purchased from BD.

Antibodies, immunofluorescence, IP, and Western blot analysis.
PVR antibodies for Western blotting were a generous gift from Pernile
Rorth (36). The PVR antibody generated was used for immunofluores-
cence and immunoprecipitation (IP). Drosophila phospho-p70-S6K
(T398), phospho-p70-S6K (T389), phospho-4E-BP (T37/46), phos-
pho-S6 (S235/236), and phospho-S6 (S240/244) antibodies were from
Cell Signaling; anti-HA antibodies were from Covance, and phospho-
tyrosine antibodies were from Upstate. The following antibodies were
from Sigma: anti-phospho-ERK1/2 (T183/Y185), total ERK, and tubulin.
Anti-VEGFR2 antibody was purchased from Millipore. The phospho-
4E-BP (T37/46) antibody used for immunofluorescence was purchased
from Cell Signaling (rabbit monoclonal antibody [MAb] 326B4). Anti-
CD31 was purchased from Dianova.

Kc cell suspensions were placed on coated slides, fixed with cold meth-
anol, blocked, and incubated with PVR antibodies (1:1,000) overnight at
4°C. PVR was visualized using Cy2-conjugated donkey anti-rabbit sec-
ondary antibodies (Jackson Laboratories), and the nucleus was stained
with propidium iodide (PI) (1 pg/ml; Sigma). Images were taken using a
confocal microscope (Zeiss LSM510) at a magnification of X650.

Wandering larvae were collected, inverted, fixed, permeabilized, and
then incubated with PI alone (for differential interference contrast [DIC]
imaging) or with anti-P-4E-BP (1:1,000) overnight and subsequently with
Cy2-conjugated donkey anti-rabbit antibodies, and the nucleus was
stained with PI. Wing discs were isolated, and images were taken using a
confocal microscope with or without (for P-4E-BP) a DIC setting at X200
magnification.

IP and Western blotting were performed according to Vega-Rubin-
de-Celis et al. (51).

Stimulation assays. Conditioned medium (CM) was collected from
confluent Kc cells cultures every 3 days, supplemented with 10% FBS,
filtered, and used for stimulation. Kc cells were plated in 12-well plates
and treated with dsRNA as described above. One day after RNAi, com-
plete medium was changed to serum-free medium, and cells were starved
for 2 days. The next day, cells were stimulated with conditioned medium
(CM) as indicated (see the figures). In the case of insulin stimulation, cells
were treated with RNAI for 3 days and then stimulated with 1 WM insulin
from bovine pancreas (Sigma) for the indicated times (see the figures).

Hemocyte experiments. To treat larvae with sunitinib, drug was
mixed with food (standard recipe published in the Bloomington Drosoph-
ila Stock Center website) to a final concentration of 70 wM. Because
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sunitinib was dissolved in DMSO, food containing the corresponding
amount of DMSO was used as a control. Twenty-four hours after egg
deposit, stage L1 larvae were floated using 20% sucrose in PBS and trans-
ferred to food supplemented with either vehicle or sunitinib. When larvae
developed to wandering stage, hemolymph was collected for hemocyte
counts. Briefly, wandering larvae were washed in PBS three times and
dried on Kimwipe papers. Ten to 15 larvae were placed in 100 pl of PBS,
and hemolymph was collected by poking holes on larvae without disrupt-
ing the gut. Hemocytes were counted using a hemocytometer.

RT-PCR. Total RNA was isolated from Kc and S2 cells using an
RNeasy kit (Qiagen). cDNA was synthesized with random hexamers from
1 pg of total RNA using Moloney murine leukemia virus (MMLV) reverse
transcriptase (Invitrogen). Quantitative reverse transcription-PCR (qRT-
PCR) of Lobe was performed according to Pena-Llopis et al. (52) and
normalized to the expression levels of RpS17 using the primers listed in
Table S1 in the supplemental material.

Endothelial cell RNAi and sunitinib treatment. Approximately 1.5 X
10° cells (either HUVEC or HDMEC) were plated per well of a six-well
plate for 2 days; then cells were treated with different concentrations of
sunitinib or DMSO overnight before being harvested for Western blot-
ting. To knock down TSC2, cells were plated as described above, and small
interfering RNAs (siRNAs; Dharmacon) were transfected using Oligo-
fectamine (Invitrogen) according to the manufacturer’s instructions.
Cells were incubated for 2 days prior to subsequent manipulation. siRNA
sequences are as described in Brugarolas et al. (53). Cells were treated with
10 M sunitinib overnight before being harvested for Western blotting.

Tumor graft treatment. Tumor samples were obtained from patients
providing written informed consent according to an Institutional Review
Board-approved protocol allowing for the use of discarded surgical spec-
imens for research. Animal studies were approved by the UT Southwest-
ern Institutional Animal Care and Use Committee. Tumor graft experi-
ments were performed as previously described (54) except that tumor
graft-bearing mice were treated for 3 days. When tumors reached 250 to
300 mm?>, mice were treated with either vehicle or sunitinib. Vehicle (con-
sisting of 5% ethanol, 5% polyethylene glycol 400 [PEG400], and 5%
Tween 80, and the remaining 85% of 5% dextrose water [D5W]) or
sunitinib (dissolved in 0.5% carboxymethyl cellulose [Sigma] in D5W)
was administered by oral gavage every 12 h at 10 mg/kg of body weight.
Mice were sacrificed ~3 h after the last treatment, and tumors were col-
lected and fixed in 10% buffered formalin phosphate (Fisher Scientific).

PVR modeling and alignment with mammalian counterparts. Hu-
man and fly RTK sequences closely related to PVR were aligned using
the Mafft server (55). A tree was built using distances calculated from the
resulting alignment (with the kinase insert loop trimmed) using the
MOLPHY package JTT probability matrix with frequencies option. Initial
tree topologies were built with njdist, and a maximum-likelihood tree was
built using the local rearrangement search (—R option) of the PROTML
program in MOLPHY (56). Structure models of the wild-type and
sunitinib-resistant A-loop mutant PVR kinase domains were built using
the SwissModel alignment mode (57) based on templates of (i) the inac-
tive-state KIT kinase domain bound to sunitinib (Protein Data Bank iden-
tifier [PDB ID] 3g0e) and (ii) the activated-state KIT kinase domain
bound to an ADP and a peptide product (PDB ID 1pkg).

Statistics. All statistical analyses were performed using a Student ¢ test.
Significant P values are defined in the figure legends.

RESULTS

PVR is essential for TORC1 activity. We conducted an RNAi
screen of kinases and phosphatases for novel regulators of TORC1
in Drosophila Kc,4, (Kc) cells. We used Western blotting to assay
for phosphorylation of Drosophila S6K at T398 (equivalent to
T389 in human S6K1), a site directly phosphorylated by TORC1
(58). We examined 638 dsRNAs targeting all the kinases and phos-
phatases in the Drosophila genome. Interestingly, a dsRNA target-
ing pvr markedly inhibited the phosphorylation of S6K (P-S6K).
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FIG 1 PVR is required for TORCI activation in insect cells. (A, C, and D) Western blot analyses were performed using the indicated cell types (below blots)
grown in 10% serum and treated with the stated dsRNAs, and, where shown, transfected with HA-4E-BP (or an empty vector [EV]). UT, untreated; Ra,
rapamycin; (3-gal, B-galactosidase; Luc, luciferase. (B) Confocal images of Kc cells treated with the indicated dsRNAs and stained using a PVR polyclonal

antibody. Magnification, X650; red, propidium iodide; green, PVR.

The same results were observed with three nonoverlapping
dsRNAs (Fig. 1A).

We generated a rabbit polyclonal antibody directed against the
C-terminal 240 amino acids of PVR. PVR was expressed on the
surface of Kc cells, and PVR knockdown substantially depleted
PVR (Fig. 1B). Consistent with previous reports (36, 37, 42), ERK
phosphorylation (P-ERK) was also abolished by PVR knockdown
(Fig. 1A).

To determine how generalized this phenomenon was, we ex-
amined a second commonly used cell line, S2 cells. As with Kc
cells, depletion of PVR using three nonoverlapping dsRNAs pro-
foundly inhibited P-S6K in this cell type (Fig. 1C). Notably, the
inhibition of P-S6K by PVR RNAi was comparable to that ob-
served by depletion of TOR (or S6K) or by treatment with the
TORCI inhibitor rapamycin (Fig. 1A and C). While we observed
that PVR depletion reduced total S6K levels, P-S6K inhibition
preceded the downregulation of S6K protein (see Fig. S1 in the
supplemental material). Thus, PVR is required for baseline S6K
activity in several cell types.

To determine whether the effect of PVR on S6K was mediated
by TORC1, we examined another TORCI substrate. Mammalian
4E-BP1 is a canonical TORC1 substrate, and Drosophila 4E-BP
phosphorylation (P-4E-BP) is inhibited by rapamycin (see Fig. S2
in the supplemental material). As P-4E-BP levels were undetect-
able in Kc cells, cells were transfected with HA-4E-BP. Ectopically
expressed 4E-BP behaved as expected: rapamycin (or TOR
dsRNA) accelerated 4E-BP migration and decreased P-4E-BP
(Fig. 1D; see also Fig. S2). PVR depletion with three nonoverlap-
ping dsRNAs gave results similar to TOR ablation (Fig. 1D). In
contrast, knockdown of the negative TORCI regulators Tscl and
Tsc2 increased P-4E-BP (and P-S6K) (Fig. 1A, C, and D). Thus,
PVR is not only important for ERK activation, as previously
shown (36, 38, 42), but also necessary to sustain TORC1 activity in
Drosophila tissue culture cells.

PVR is required for maximal activation and sustained activ-
ity of TORCI1 by insulin. To further characterize the role of PVR,
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we examined the effects of serum starvation and growth factor
stimulation. Kc cells depleted of PVR (or control cells treated with
an irrelevant dsRNA) were starved and stimulated with condi-
tioned medium. Conditioned medium, which contains PVR li-
gands secreted by Kc cells (36), stimulated ERK activation but not
S6K (Fig. 2A; see also Fig. S3A in the supplemental material). PVR
depletion inhibited baseline S6K and ERK phosphorylation and
the activation of ERK by conditioned medium (Fig. 2A; see also
Fig. S3A).

Because insulin stimulation activates insulin receptor (59)
leading to S6K activation (60), we examined whether insulin stim-
ulation required PVR. PVR depletion reduced the magnitude of
S6K (and ERK) activation by insulin (Fig. 2B; see also Fig. S3B in
the supplemental material). Furthermore, PVR loss shortened the
time of S6K and, in particular, ERK activation in response to in-
sulin stimulation (Fig. 2C). Thus, PVR is necessary for maximal
activation and sustained activity of TORCI and ERK in response
to insulin.

PVR signals through Drk and Ras85D. We hypothesized that
knockdown of the appropriate adaptor protein should phenocopy
theloss of P-ERK and P-S6K induced by PVR RNAi. PVR has been
shown to physically and genetically interact with Crk (43). How-
ever, Crk RNAI, or RNAI of effector proteins downstream of Crk
such as Mbc and ELMO, did not affect P-ERK or P-S6K (Fig. 3A),
suggesting that Crk is not the mediator of PVR signaling to
TORCI1 and ERK.

A previous yeast two-hybrid screen identified 15 gene products
that interact with the intracellular domain of PVR in a kinase-
dependent manner (61). We individually knocked down the ex-
pression of all of these genes and examined the effect on S6K and
ERK phosphorylation. The summary is shown in Table 1. Among
these genes, we found that Drk knockdown markedly downregu-
lated P-S6K and P-ERK (Fig. 3B). These data suggest that Drk, but
not Crk, is implicated in transducing signals from PVR to ERK
and TORCI. Interestingly, several other adaptor proteins found in
the yeast two-hybrid screen were required to sustain S6K activity,
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dsRNA for 2 days, starved for 2 to 3 days, and then stimulated with conditioned medium (A) or with insulin (1 uM) (B and C). R, rapamycin. Short and long

indicate the length of exposure time.

including CG32406, Shc, Lnk, and Socs16D (Table 1; see also
Fig. 5). Unlike Drk, however, all of these proteins were dispensable
for ERK activation.

Drk is the ortholog of the adaptor growth factor receptor-
bound protein 2 (GRB2), which links multiple RTKs to Ras sig-
naling (62). To determine whether Ras85D was implicated in
TORCI activation, we depleted Ras85D. As shown in Fig. 3C,
Ras85D depletion similarly inactivated S6K and ERK phosphory-
lation. Conversely, expression of a constitutively active form of
Ras85D, Ras85DV'2, in PVR-depleted Kc cells was sufficient to
activate TORCI and ERK (Fig. 3D). Taken together, these data
suggest that PVR signals through Drk (GRB2) and Ras85D to
activate TORC1 and ERK.

Reconstitution of TORCI activation in PVR-depleted cells
by the inactivation of Lobe and the Tsc1/Tsc2 complex. ERK

A B

dsRNA dsRNA

PVR
®-S6K

®-ERK

Tubulin

FIG 3 Evaluation of the roles of Drk and Ras85D in PVR-mediated activation

phosphorylates TSC2 leading to the activation of TORCI (23),
and we asked whether inactivation of Tsc1/Tsc2 was sufficient to
restore TORC1 activity in PVR-depleted cells. Unexpectedly, Tscl
(or Tsc2) knockdown in PVR-depleted Kc cells only slightly in-
creased P-S6K (Fig. 4A). This is unlikely to result from an ineffec-
tive knockdown as the same dsRNAs substantially increased
P-S6K in control cells (Fig. 4A) and fully restored P-S6K in cells
depleted of Ras85D (Fig. 3C). Taken together, our results suggest
that the loss of Tscl or Tsc2 is not sufficient to restore TORC1
activity in PVR-depleted Kc cells. Thus, while Ras85D""? is suffi-
cient to activate TORC1 downstream of PVR and while Tsc1/Tsc2
loss is sufficient to restore TORCI activation in cells depleted of
Ras85D, our data suggest that PVR regulates TORCI through a
second mechanism that is independent of both Ras85D and Tscl/
Tsc2 complex.

C dsRNA D
Ras85D Plasmid - EV Ras85DV12
PVR dsRNA - + - + -+
=]

®-S6K
®-ERK

ERK
Tubulin

of ERK and TORCI. Western blot analyses were performed using Kc cells treated

with the indicated dsRNA for 3 days (A, B, and C) or transfected with the indicated plasmids and then treated with dsRNA against either luciferase (—) or PVR

(+) (D).
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TABLE 1 Summary of PVR adaptor proteins and their effects on ERK
and S6K phosphorylation®

Gene product P-S6K

Drk
CG32406
Shc

Lnk
Socs16D
Dock - -
Vav - -
Kurtz - -
Pellino - -
Tensin - -
CG1135 - -
CG13289 - -
Socs44A - -
Dock - -
CG17168 - -

“ +, adaptor protein is required for activation; —, depletion has no effect compared to
control dsRNA.

P-ERK

We investigated the role of another inhibitory regulator of
TORCI, Lobe (ortholog of PRAS40) (29, 30). Depletion of Lobe in
PVR-deficient cells did not increase P-S6K (Fig. 4B). This was not
due to insufficient Lobe silencing as, consistent with previous re-
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ports (30), depletion of Lobe did restore TORCI activity in cells
simultaneously depleted of Rheb (Fig. 4B).

We hypothesized that the simultaneous inactivation of both
the Tsc1/Tsc2 complex and Lobe (PRAS40) might be required to
restore TORCI activity in PVR-depleted Kc cells. We simultane-
ously depleted both Lobe and Tsc2 and found that, in fact, S6K
phosphorylation was restored to levels comparable to those of
PVR-expressing wild-type cells (Fig. 4C). Restoration, however,
did not reach the same levels as in PVR-expressing cells depleted of
Tscl (or Tsc2) (Fig. 4C).

Of note, while the inactivation of both Tsc1/Tsc2 and Lobe was
required for restoration of TORCI in Kc cells, in S2 cells, TORC1
activity was restored by simply depleting Tscl (or Tsc2) (see Fig.
S4A in the supplemental material). These data suggested that Lobe
was not implicated in TORC1 regulation in S2 cells. Consistent
with these findings, S2 cells expressed lower levels of Lobe than Kc
cells (see Fig. S4B). Furthermore, in keeping with the idea that
Lobe is not implicated in TORCI1 regulation in S2 cells, Lobe
knockdown was insufficient to rescue TORCI activity in Rheb-
deficient S2 cells (see Fig. S4C). These data stand in contrast to the
role of Lobe in Kc cells, where Lobe depletion was sufficient to
activate TORC1 in Rheb-deficient cells (Fig. 4B; see also Fig. S4C).
Overall, our data show that PVR activates TORC1 through the
Tscl/Tsc2 complex alone (S2 cells) or synergistically with Lobe
(Kc cells), depending upon Lobe expression.

dsRNA C
Rheb

PVR

Lobe

FIG 4 Restoration of TORC1 activity in Kc cells depleted of PVR by simultaneous inactivation of both the Tsc1/Tsc2 complex and Lobe. Western blotting was
performed using Kc cells treated with the indicated dsRNAs (A to C) or after transfection with the empty vector (EV) or myristoylated-HA-Akt (D).
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FIG 5 Tscl/Tsc2-dependent regulation of TORC1 by Drk, CG32406, and other adaptor proteins. Western blot analysis was performed using Kc cells treated with
the indicated dsRNA. Ra, rapamycin.

Akt is insufficient to activate TORC1 in PVR-depleted cells.
Because both the TSC2 protein (25-27) and the Lobe ortholog
PRAS40 (29, 30) are phosphorylated and inactivated by Akt, we
investigated whether Akt would suffice to restore TORCI activity
in PVR-depleted Kc cells. Ectopic expression of constitutively ac-
tive Akt (myristoylated Akt, myr-Akt) (45) did not restore P-S6K
in PVR-depleted cells. Similar results were observed with deple-
tion of PTEN (Fig. 4D). Even when loss of PTEN (or myr-Akt) was
combined with the depletion of either Lobe or Tsc2, S6K failed to
be activated to baseline levels (Fig. 4D). Only when Tsc2 and Lobe
were simultaneously depleted were P-S6K levels restored to base-
line (Fig. 4D). Thus, PTEN loss or activated Akt is not sufficient to
activate TORCI in PVR-depleted cells.

Tscl/Tsc2-dependent activation of TORCI1 by Drk, CG32406,
and other adaptors. Overall, our data are consistent with a model
whereby PVR signals to TORCI through both TSC1/TSC2 and
Lobe, whereas Ras85D signals to TORC1 through just Tsc1/Tsc2.
S6K activity can be restored in Ras85D-depleted Kc cells by knock-
down of Tscl (or Tsc2) (Fig. 3C), but the simultaneous inactiva-
tion of Tsc1/Tsc2 and Lobe is required for the restoration of S6K
activity in PVR-depleted cells (Fig. 4C). As for Ras85D, knock-
down of Tscl (or Tsc2) was sufficient for S6K activation following
Drk depletion (Fig. 5). Next, we examined CG32406, Shc, Lnk,
and Socs16D. Knockdown of each of these adaptor proteins inac-
tivated S6K but not ERK (as expected), and in every instance, S6K
inactivation was reverted by knockdown of Tscl/Tsc2 (Fig. 5).
Thus, our data suggest that the mechanism whereby PVR inacti-
vates Lobe is independent of Drk, CG32406, Shc, Lnk, and
Socs16D. In addition, these data again show that all of these pro-
teins, which were previously found to interact with the kinase
domain of PVR, are seemingly required for PVR-mediated activa-
tion of TORCI.

Lnk is the Drosophila ortholog of mammalian SH2B proteins

3768 mcb.asm.org

and is involved in insulin signaling (63), while Shc is the Drosoph-
ila ortholog of mammalian SHC3. Shc is implicated in signaling
downstream of Torso and epidermal growth factor receptor
(EGFR) (64). Socsl6D is similar to mammalian SOCS6 and
SOCS7 (65), and SOCS proteins in mammals negatively regu-
late JAK-STAT signaling (65). However, little is known about
CG32406.

PVR interacts with CG32406. CG32406 depletion abrogated
S6K activity (Fig. 5), and CG32406 was found to interact with PVR
in a yeast two-hybrid assay in a kinase-dependent manner (61). In
CG32406-depleted cells, S6K activity could be restored by simul-
taneously depleting Tscl or Tsc2 (Fig. 5), suggesting that PVR
signaling to TORC1 via this adaptor protein involves inhibition of
the Tsc1/Tsc2 complex. CG32406 is characterized by an Src ho-
mology 2 (SH2) domain and a coiled-coil domain (Fig. 6A). We
asked whether CG32406 interacted with PVR. We generated sta-
ble Kc cells expressing an HA-tagged form of CG32406 under an
inducible promoter and evaluated CG32406 binding to endoge-
nous PVR in PVR immunoprecipitation experiments. As shown
in Fig. 6B, anti-PVR antibodies brought down CG32406 in PVR-
expressing cells. As expected, anti-PVR antibodies failed to pull
down HA-CG32406 in uninduced cells (which do not express
HA-CG32406) or when PVR was depleted (Fig. 6B). Thus,
CG32406, which is required for TORCI activation, interacts with
PVR by immunoprecipitation and in a yeast two-hybrid assay,
and, we renamed it PVR adaptor protein, or PVRAP.

Opverall, our data on PVR signaling are consistent with a model
whereby PVR signals through multiple adaptor proteins, includ-
ing Drk and PVRAP, which are individually required for TSC1/
TSC2 inactivation and the activation of TORCI. There is a funda-
mental distinction between these adaptor proteins and PVR.
TORCI activation by PVR requires a second pathway to inhibit
Lobe.
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FIG 6 CG32406 protein interacts with PVR. (A) Domain prediction of CG32406 protein. SH2, Src homology 2; CC, coiled coil. (B) Western blot analysis of
immunoprecipitated proteins. Kc cells harboring a CuSO,-inducible form of HA-CG32406 were treated with Luc or PVR dsRNA in the absence (—) or presence

(+) of CuSO,. IP, immunoprecipitation; IB, immunoblot.

PVR loss causes caspase-independent apoptosis. Consistent
with previous observations (38), we noticed a significant decrease
in cell numbers following PVR dsRNA treatment. Compared to
Kc cells treated with B-galactosidase (3-Gal) dsRNA, cell numbers
were markedly reduced by PVR dsRNA (Fig. 7A). Kc cells are a
hemocyte cell line (38), and we sought to examine the role of PVR
in circulating hemocyte numbers in vivo. We expressed a domi-
nant negative form of PVR (PVR"Y) using a hemocyte-specific
driver (He-Gal4) and evaluated its effects on blood cells in Dro-
sophila larvae. By comparison to driver alone, PVR®™N markedly
downregulated hemocyte counts (Fig. 7B). As PVR®™ could con-
ceivably affect other processes besides PVR, additional experi-
ments were performed using RNAi. Using the same driver, we
expressed two nonoverlapping PVR dsRNAs in hemocytes. As
shown in Fig. 7B, PVR RNAi similarly reduced hemocyte numbers
in Drosophila larvae. These data show that PVR is required for
hemocyte expansion not just in vitro but also in vivo.

To get insight into the mechanism whereby loss of PVR re-
duced hemocyte numbers, we asked whether PVR loss caused
apoptosis and performed TUNEL assays. As a positive control, we
used a dsRNA targeting the Drosophila inhibitor of apoptosis pro-
tein 1 (Diapl). As shown in Fig. 7C, Diap1 knockdown markedly
increased apoptosis. Apoptosis was also increased by PVR deple-
tion (Fig. 7C). Previous studies suggest that PVR loss induces
caspase-dependent apoptosis (38). To determine whether PVR
depletion in Kc cells induced caspase-dependent apoptosis, we
treated cells with the pan-caspase inhibitor Z-VAD. However,
treatment with Z-VAD did not reduce apoptosis in PVR-depleted
cells (Fig. 7C). In contrast, Z-VAD completely rescued the effect of
Diap1 loss on apoptosis (Fig. 7C). These data suggested that apop-
tosis resulting from PVR loss is caspase independent. To further
evaluate this notion, we knocked down Drice simultaneously with
either PVR or Diapl. While combination knockdown of Diapl
and Drice suppressed Diapl-mediated apoptosis, a similar effect
was not observed when the expression PVR and Drice was simul-
taneously ablated (Fig. 7D; see also Fig. S5 in the supplemental
material). Thus, the apoptosis induced by PVR loss is resistant to
caspase inhibition.

Constitutively active PVR results in larval hemocyte expan-
sion and tumor-like structures in wing discs that show TORC1
activation. We asked whether a constitutively active PVR would
increase hemocyte numbers. We used a form of PVR in which the
extracellular domain is replaced by the dimerization domain of
the cI repressor protein from bacteriophage A, resulting in a sta-
bilized receptor dimer (A-PVR). Expression of \-PVR in Drosoph-
ila hemocytes using the He-Gal4 driver increased blood cell num-
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bers 3-fold compared to ectopic expression of wild-type PVR,
which does not affect hemocyte numbers (Fig. 8A).

Constitutive activation of PVR in larval imaginal wing discs has
been shown to induce hypertrophic tumor-like structures (66)
(Fig. 8B), and we asked whether these structures were associated
with TORC1 activation. Compared to wing discs expressing wild-
type PVR, imaginal discs expressing A-PVR showed a substantial
increase in 4E-BP phosphorylation (Fig. 8C). Consistent with the
in vitro results, PVR activates TORC1 in larvae, and this may con-
tribute to the tumor-like phenotype observed. Thus, as for mam-
malian VEGF and PDGF receptors, constitutively active PVR
drives cell proliferation and the formation of tumor-like struc-
tures that show TORCI activation.

TORCI inhibition phenocopies PVR loss and induces apop-
tosis. Rapamycin treatment suppressed cell survival, similar to
PVR knockdown (Fig. 7A). We examined whether inhibition of
TORCI phenocopied the loss of PVR. First, we evaluated hemo-
cyte numbers from larvae expressing UAS-TOR RNAi driven by
He-Gal4. Similar to PVRPN overexpression (or PVR RNAi), blood
cell numbers were significantly decreased in larvae expressing
TOR RNAI (Fig. 7B). These findings were extended by the evalu-
ation of larvae overexpressing Scylla and Charybdis, the Drosoph-
ila homologs of mammalian REDDI, a negative regulator of
TORCI (47, 53). Similar to TOR RNAI, overexpression of Scylla
and Charybdis suppressed blood cell numbers in Drosophila lar-
vae (Fig. 7B). Next, we determined whether inhibition of TORC1
by rapamycin led to apoptosis. As observed for PVR knockdown,
exposing Kc and S2 cells to rapamycin increased apoptosis (Fig.
7E). TORCI1 inhibition phenocopied the effects of PVR loss on cell
survival and apoptosis, suggesting that TORCI is an important
effector downstream of PVR.

Sunitinib inhibits PVR signaling in Drosophila cells.
Sunitinib inhibits VEGF and PDGF receptors, and we wondered
whether sunitinib might inhibit PVR. We aligned the kinase do-
main of PVR with that from its mammalian counterparts and
other RTKs that are also inhibited by sunitinib including KIT.
Substantial conservation between PVR and mammalian RTKs was
observed (Fig. 9). This conservation extends to the activation loop
(Fig. 9, A-loop), which plays a critical role in sunitinib binding.
The DFG motif of the activation loop adopts two alternate con-
formations that determine the activation state of the kinase and
affect sunitinib binding. In the inactive conformation (DFG-out),
the phenylalanine ring points toward the ATP binding site, where
it forms a binding pocket for sunitinib (67). Upon activation, the
phenylalanine flips to an alternate conformation (DFG-in), which
alters the sunitinib binding site and decreases affinity for the drug
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FIG 7 PVRis required for cell number expansion in vitro and in vivo, and TORC1 is implicated in this process. (A) Quantitation of the number of Kc cells treated
with the indicated dsRNA. 3, B-Galactosidase. (B) Blood cell numbers in larvae expressing PVR DN (DN), PVR RNAi, TOR RNAI, or Scylla/Charybdis using the
hemocyte-specific driver He-Gal4. Wt, wild type (driver alone); DN, UAS-PVR DN; PVR RNAi, UAS-PVR RNAj; Scylla/Charybdis, UAS-Scylla/UAS-Charybdis.
Data are means * standard errors of the means (for each genotype, n = 4). **, P < 0.01; ***, P < 0.001. (C, D, and E) TUNEL assay of cells treated as indicated.
(C) Kc cells were treated with Luc, PVR, or Diapl dsRNA followed by vehicle (DMSO) or the pan-caspase inhibitor Z-VAD. Maroon, Luc dsRNA plus vehicle;
orange, PVR dsRNA plus vehicle; lime green, PVR dsRNA plus Z-VAD; dark green, Diapl dsRNA plus vehicle; blue, Diapl dsRNA plus Z-VAD. Results
normalized to Lug, in relative units (RU), are shown in the bar graph. (D) Bar graph representation of apoptosis induction (in RU) in Kc cells treated with the
indicated dsRNAs. (E) TUNEL assay of Kc or S2 cells treated with vehicle (Ve) or 25 nM rapamycin (Ra) for 48 h. Max, maximum; FITC-A, fluorescein-12-dUTP.

(Fig. 10A). The phenylalanine in the DFG-in position appears to
be in competition with a hydrophobic residue from the jux-
tamembrane region (JMR), and residues of the JMR are frequently
mutated in tumors (68-70), resulting in a shift toward the active
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kinase. Structure studies of KIT (Fig. 10B) and VEGFR2 (Fig. 10C)
illustrate this JMR autoinhibition that may apply to the entire
PDGF and VEGF receptor family (67, 71). Thus, kinase activation
requires the displacement of the JMR. The importance of the JMR
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FIG 8 Constitutively active PVR induces hemocyte expansion and tumor-like structures with active TORCI. (A) Blood cell numbers in larvae expressing
UAS-PVR (PVR) or UAS-A-PVR (N-PVR) using the hemocyte-specific driver He-Gal4. Data are means plus standard errors of the means (for each genotype, n
= 4).**, P < 0.01. (B) Differential interference contrast (DIC) confocal images of imaginal wing discs from larvae expressing UAS-PVR (PVR) or UAS-A-PVR
(N-PVR) using the imaginal wing disc-specific driver MS1096-Gal4. Control, driver alone. (C) Confocal images of imaginal wing discs with the larvae described

in panel B stained with P-4E-BP or propidium iodide (PI).

in maintaining the autoinhibitory state is supported by the finding
that the majority of oncogenic mutations found in GIST destroy
the function of the JMR in KIT or PDGFRa (72-74). We modeled
the PVR kinase domain (Fig. 10D) after KIT bound to sunitinib.
Our structure model is limited to the kinase domain and lacks a
less confidently aligned N-terminal JMR. This model showed that
as for VEGFR2 and KIT, PVR may adopt a DFG-out conforma-
tion that sunitinib could bind to. While sunitinib was developed
to target VEGF and PDGF receptors, remarkable conservation
between mammalian and Drosophila receptors exists in the kinase
domain and the structural model.

Next, we asked whether sunitinib inhibited PVR. For these
experiments, we treated Kc cells with sunitinib and assayed for
PVR tyrosine phosphorylation. As a control, the same experi-
ments were performed in cells depleted of PVR. In immunopre-
cipitation experiments of PVR, we recovered a protein of the ex-
pected molecular weight that was absent in PVR-depleted cells
(Fig. 11A). This protein was recognized by phosphotyrosine anti-
bodies, and phosphotyrosine levels were reduced following
sunitinib treatment (Fig. 11A). These data show that sunitinib
inhibits PVR tyrosine phosphorylation.

As PVR depletion inhibits S6K and ERK phosphorylation, we
asked whether sunitinib had the same effect. As shown in Fig. 11B,
sunitinib inhibited P-S6K and P-ERK in both Kc and S2 cells. This
inhibition occurred within 5 min of sunitinib addition (see Fig. S6
in the supplemental material). Thus, sunitinib inhibits PVR phos-
phorylation, leading to the suppression of ERK and TORC1 activ-
ity in insect cells.

Sunitinib inhibits cell expansion and reduces hemocyte
numbers in Drosophila larvae. Because blocking PVR function
inhibited cell expansion in vitro and decreased blood cell numbers
in vivo, we asked whether sunitinib had a similar effect. When
Drosophila Kc and S2 cells were treated with sunitinib, cell expan-
sion was inhibited (Fig. 11C). We also determined whether
sunitinib induced apoptosis. Exposure to sunitinib increased
apoptosis in both Kc and S2 cells (Fig. 11D). To determine
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whether sunitinib affected hemocyte numbers in Drosophila lar-
vae, we added sunitinib to the fly food. Wandering larvae that had
been exposed to sunitinib since stage L1 had lower hemocyte
numbers than larvae grown in food supplemented with vehicle
(Fig. 11E). While these data show that sunitinib induces apoptosis,
sunitinib also appears to inhibit cell proliferation in Kc cells (see
Fig. S7 in the supplemental material). Thus, sunitinib largely phe-
nocopies the loss of PVR in vitro and in vivo. Taken together, these
data show that sunitinib inhibits not only VEGF/PDGEF receptors
but also their ortholog, PVR.

Investigating sunitinib resistance mutations using PVR.
Treatment with sunitinib in humans results in the emergence of
secondary mutations that render the oncogenic RTK resistant
to the effects of sunitinib. Secondary mutations in GIST that
render KIT resistant to sunitinib typically map to the A-loop
(68-70) and are thought to shift the kinase toward the active
state (67, 75, 76). Residues that are mutated in KIT include
D816, D820, N822, Y823, and A829 (68-70). D816, D820, and
A829 are not conserved in PVR (Fig. 9), but we made mutations
in residues corresponding to N822 and Y823. A829 in PVRisa
glycine, and it was mutated as well. The residues were mutated
to the corresponding activating residues in KIT, and mutant
PVR was introduced into Kc cells. Because knocking down PVR
inhibits cell expansion, mutant PVR ¢DNAs (lacking the 3’
untranslated region [UTR]) were transfected into Kc cells be-
fore endogenous PVR was knocked down using dsRNA target-
ing the 3" UTR. We compared the sensitivities of wild-type
and mutant PVR proteins to sunitinib. Unexpectedly, none of
these mutations conferred resistance (Fig. 12). In fact, while
the sunitinib sensitivity of PVR with an N1159K mutation
(PVRN''9K) was similar to that of the wild-type PVR,
PVRY''®P and PVRE'®" appeared to be hypersensitive
(Fig. 12).

These results either suggest that a preexisting activating muta-
tion (for example, in the JMR) is required for the secondary mu-
tation to confer resistance or point to differences between PVR
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FIG9 Alignment of the intracellular kinase domain of PVR and its successor RTKs or other RTKs known to be inhibited by sunitinib. *, mutations in KIT protein
leading to sunitinib resistance. The conservation spectrum is represented from dark blue to white for identical to different. Red box, DFG motif.

and mammalian RTKs that cause these mutations to have differ-
ent effects. Consistent with the latter notion, G1166P in PVR,
which possesses different surrounding residues than A829P in
KIT, exhibits interactions that may have stabilized the inactive
state, causing thereby hypersensitivity to sunitinib (see Fig. S8 in
the supplemental material). Because the JMR of PVR is not signif-
icantly conserved (although it is conserved among insects) (see
Fig. S9 in the supplemental material), the role of the JMR in this
process is unknown. However, we suspect that a lack of a preex-
isting activating mutation as well as differences in context contrib-
uted to the differential effects of these resistance mutants in insect
cells.

Constitutively dimerized PVR confers resistance to
sunitinib in vitro and in vivo. We tested the constitutively
dimerized N\-PVR for sunitinib resistance. In contrast to the PVR
mutants examined, A-PVR was phosphorylated to a significantly

3772 mcb.asm.org

greater extent than endogenous PVR, and sunitinib failed to re-
duce the levels of tyrosine phosphorylation (Fig. 13A). Thus, in
contrast to the A-loop mutants, \-PVR was resistant to sunitinib
(Fig. 13A).

Next, we assessed the ability of N-PVR to confer sunitinib re-
sistance in vivo. Interestingly, expression of A-PVR in hemocytes
suppressed the ability of sunitinib to reduce blood cell numbers in
Drosophila larvae (Fig. 13B). Thus, \-PVR is resistant to sunitinib
invitroand in vivo. Overall, these data suggest that one mechanism
whereby RTK may become resistant to sunitinib is by forming
constitutive and stable dimers.

Sunitinib-induced TORC1 inhibition is Tscl/Tsc2 depen-
dent in Drosophila cells. We sought to use the insect cells to fur-
ther study how sunitinib acts. Our work suggested that PVR acti-
vates TORC1 through the inactivation of Tsc1/Tsc2 and Lobe, and
we asked what the role was of these proteins in sunitinib-mediated
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FIG 10 Evaluation of PVR inhibition by sunitinib. (A) PVR model of transition from inactive to active state. (B and C) Structure of KIT (B) or VEGFR2 (C)
bound to sunitinib. A conserved residue (depicted in stick form) within the JMR (shown in magenta) prevents activation of VEGFR2 and KIT. (D) Model
structure of PVR bound to sunitinib. The A-loop (blue) adopts a DFG-out inactive conformation, forming the binding site for sunitinib (black stick). (E) A
structure-based sequence alignment of the JMR (highlighted in magenta) and the A-loop (highlighted in blue). The DFG motif F residue and the hydrophobic
JMR residue positions are indicated with an asterisk above the sequences. The conserved hydrophobic residue in the JMR competes with the F residues in the DGF

motif to keep the receptor in the inactive conformation.

TORCI inhibition. We had determined that restoration of
TORCI activity in PVR-depleted Kc cells required the simultane-
ous depletion of both Tscl/Tsc2 and Lobe, whereas in S2 cells,
Tscl/Tsc2 inactivation was enough (Fig. 4C; see also Fig. S4A in
the supplemental material). Unexpectedly, depletion of Tsc2
alone in both Kc and S2 cells was sufficient to restore TORC1 in
sunitinib-treated cells (Fig. 14). Thus, while the inactivation of
both Tsc1/Tsc2 and Lobe was required to restore TORC1 in PVR-
depleted cells, Tsc1/Tsc2 inactivation alone was sufficient for res-
toration in cells treated with sunitinib. The restoration of TORC1
activity by simply inactivating Tscl/Tsc2 was similar to that ob-
served following depletion of Drk and the other adaptor proteins.

As expected, Tscl/Tsc2 inactivation was not sufficient to acti-
vate ERK in sunitinib-treated cells. This result is similar also to
that with Drk-depleted cells (Fig. 5).

One possibility is that in Kc cells, PVR regulates Lobe in a
manner that is at least in part independent of its kinase function.
This would be consistent also with the phenotype observed with
the adaptor proteins, which would be expected to depend on PVR
phosphorylation. More importantly, these results show that
sunitinib-mediated inhibition of TORCI is Tsc1/Tsc2 dependent.

Sunitinib inhibits TORC1 in endothelial cells in vitro and in
vivo. We tested whether sunitinib inhibits TORCI in mammalian
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cells. TORCI1 was inhibited in primary human endothelial cells
(HUVEC and HDMEC) as determined by the loss of P-S6K, P-S6,
and P-4E-BP (Fig. 15A). In addition, sunitinib similarly inhibited
TORCI in endothelial cells (CD31 positive) in vivo (Fig. 15B) and
in a renal cell cancer tumor graft model (54).

The TSC1/TSC2 complex is required for sunitinib-mediated
TORCI1 inhibition in human endothelial cells. Our results show
that the Tsc1/Tsc2 complex is a critical mediator of sunitinib ef-
fects on TORCI in insect cells, and we asked what the role was of
TSC1/TSC2 in primary human endothelial cells. We depleted
TSC2 from endothelial cells using siRNA and evaluated the effects
of sunitinib. Interestingly, TSC2 depletion largely blocked the ef-
fects of sunitinib on TORC1 in both HUVEC and HDMEC (Fig.
15C). Thus, sunitinib-mediated TORCI inhibition requires an
intact TSC1/TSC2 complex. These data illustrate how experi-
ments in lower organisms may provide insights into the mecha-
nism of drug action in higher, more complex, systems.

DISCUSSION

Herein, we show that PVR is essential for ERK and TORC1 activity
in insect cells. Furthermore, PVR is also important for maximal
effector activation in response to insulin. We show that the acti-
vation of TORCI and ERK requires Ras85D and Drk. In contrast,
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FIG 11 Sunitinib inhibits PVR and phenocopies PVR loss. (A and B) Western blot analyses of inputs or PVR immunoprecipitates (IP) were performed using Kc
cells treated with the indicated dsRNAs for 3 days and then exposed to sunitinib for 6 h (A). Arrow, PVR. Western blot analyses were performed using Kc or S2
cells treated with the indicated concentrations of sunitinib overnight (B). (C) Cell number analyses of the indicated cells treated with vehicle (Ve), sunitinib (Su;
10 wM) or rapamycin (Ra; 25 nM). (D) TUNEL assay of Kc and S2 cells treated with vehicle or sunitinib for 48 h. (E) Hemocyte numbers from wandering larvae
fed with vehicle or sunitinib (70 uM)-supplemented food starting at L1. Data are means * standard errors of the means (n = 4). **, P < 0.01.

the other adaptor proteins, Lnk, Shc, Socs16D, and CG32406
(which we named PVRAP), are implicated only in TORCI activa-
tion. Restoring TORCI activity in PVR-depleted cells requires the
inactivation of Tsc1/Tsc2 and Lobe in a cell-type-dependent man-
ner. In contrast, TORCI activity can be restored in cells depleted
of Ras85D, Drk, and the other adaptor proteins simply by inacti-
vating the Tsc1/Tsc2 complex. Constitutively active PVR mutants
induce the expansion of hemocytes in Drosophila larvae and pro-
mote tumor-like structures that exhibit TORCI activation. Con-
versely, PVR loss (or TORCI inhibition) reduces hemocyte num-

bers and causes apoptosis. A similar phenotype is observed by
treatment with the VEGF/PDGF receptor inhibitor sunitinib.
Sunitinib inhibits PVR phosphorylation in insect cells, leading to
the inhibition of ERK and TORCI. Sunitinib induces apoptosis in
insect cells in vitro and blocks hemocyte expansion in vivo. The
effects of sunitinib can be overcome by a constitutively dimerized
PVR mutant, which causes hemocyte expansion. As in insect cells,
sunitinib inhibits TORC1 in endothelial cells, both in vitro and in
vivo, and TORCI inhibition is TSC1/TSC2 dependent.

PVR is required for baseline TORC1 and ERK activity. It ap-

dsRNA PVR
Plasmid Wt PVR PVRN1159 PVRY1160D PVRG1166P
Sunitinib(10pM) 0 1 3 61224 01 3 61224 0 1 3 61224 0 1 3 6 1224
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FIG 12 Mutant PVR fails to confer resistance to sunitinib. Western blot analyses were performed of immunoprecipitated PVR from Kc cells transfected with the
indicated plasmids and treated with PVR dsRNA for 2 days to deplete endogenous PVR followed by exposure to sunitinib for the indicated number of hours.
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FIG 13 Constitutive PVR dimerization is sufficient to confer resistance to
sunitinib in cells in culture as well as in hemocytes in vivo. Western blot anal-
yses were performed of immunoprecipitated PVR from Kc cells transfected
with the indicated plasmids, treated with either Luc or PVR dsRNA, and ex-
posed to sunitinib (10 wM) for the indicated amounts of time. (B) Hemocyte
numbers from wondering larvae expressing UAS-A-PVR in blood cells using
the He-Gal4 driver grown on food supplemented with either vehicle (Ve) or
sunitinib (Su) starting from L1. Ve, vehicle; Su, sunitinib. Data are means *
standard errors of the means (n = 4).

pears that among receptor tyrosine kinases, PVR plays a particu-
larly important role as the activity of both TORCI and ERK is
linked to the state of PVR in both Kc and S2 cells. Furthermore,
PVR was also required for maximal and sustained activation of
both TORCI and ERK in response to insulin. In mammals, there
is cross talk between VEGF and insulin pathways. Insulin and
VEGF receptors share common downstream effectors, and insulin
receptor substrate 1 (IRS-1) is recruited to VEGFR2 in response to
VEGF stimulation (77). In addition, insulin was shown to induce
the expression of VEGF in different cell types (78-80). Given that
PVR was required to sustain insulin-mediated activation of
TORCI and ERK, we speculate whether, akin to mammalian cells,
insulin induces the expression of PVR ligands, leading to PVR
activation and sustained activation of effector pathways. Further-
more, inasmuch as S6 kinase protein expression requires PVR,
PVR may be necessary for sustained S6K activation by other RTKs
besides the insulin receptor.

Our data show that Drk (Grb2) and Ras85D are important
effectors implicated in the activation of both TORC1 and ERK.
PVR loss was phenocopied by depletion of Drk or Ras85D. In
contrast, depletion of Crk or Mbc had no effect on TORC1 or
ERK. In cells expressing high levels of Lobe, TORCI reactivation
following PVR loss required the simultaneous inactivation of both
Lobe and the Tscl/Tsc2 complex. In contrast, TORCI reactiva-
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tion in cells depleted of Drk or Ras85D was accomplished by sim-
ply inactivating Tsc1/Tsc2. These data are consistent with the no-
tion that PVR signals to Lobe in a Drk- and Ras85D-independent
manner.

While Drk was required for the activation of both Ras—mito-
gen-activated protein kinase (MAPK) and TORCI pathways, we
identified other adaptor proteins that were selectively required for
TORCI activation. We found that Lnk, Shc, Socs16D, and PVRAP
were all individually required for TORC1 activation. Why TORC1
activation would require each adaptor protein is unclear. How-
ever, 10 other adaptor proteins shown to interact with PVR by a
yeast two-hybrid screen did not play a role in either Ras-MAPK or
TORCI activation. Interestingly, Lnk, Shc, Socs16D, and PVRAP
were dispensable for Ras-MAPK activation. Lnk is the Drosophila
homolog of mammalian SH2B proteins and was previously shown
to be involved in insulin signaling (63). While in Kc and S2 cells
TORCI activity is coupled to PVR, we cannot exclude the possi-
bility that Lnk ablation inhibits TORCI by downregulating both
PVR and insulin signaling. Shc is the Drosophila homolog of
mammalian SHC3, and Shc was implicated in signaling down-
stream of Torso and EGFR (64). Interestingly, Shc was later found
to associate with PVR in an independent study identifying the
interacting networks in Drosophila cells (81). Socs16D is similar to
mammalian SOCS6 and SOCS7 (65). In mammals, SOCS pro-
teins are important negative regulators of the JAK-STAT pathway
(65). In Drosophila, three Socs proteins have been reported,
Socs16D, Socs36E, and Socs44A. While both Socs44A and
Socs16D interacted with PVR in the yeast two-hybrid screen (61),
only Socs16D was required for TORCI activity. This suggests that
Socs16D possesses unique features.

Among four adaptor proteins involved in TORCI activation,
PVRAP (CG32406) was the least studied. We showed that, as for
the other adaptor proteins, PVRAP depletion abrogated TORC1
signaling. We generated inducible cells that expressed PVRAP and
showed that PVRAP interacts with endogenous PVR. Together
with experiments in yeast that show that PVRAP interacts with
PVR in a kinase-dependent manner, our experiments show that
PVRAP is an essential PVR adaptor protein implicated in TORC1
activation.

While the restoration of TORCI activity in Lobe-expressing
cells depleted of PVR required the simultaneous inactivation of
Tscl/Tsc2 and Lobe, in cells depleted for any of the adaptor pro-
teins (or Ras85D), TORCI activity was restored by the inactiva-
tion of Tscl/Tsc2. Thus, the data suggest that PVR is linked to

— Luc Tsci Tsc2
-+ - + -

+ - + Sunitinib (1 pM)

®-S6K

®-ERK

®-ERK

TubulinP_——q|m__ ERK
Kc S2

FIG 14 Tscl/Tsc2-dependent inhibition of TORCI1 by sunitinib in Drosophila cells. Western blot analysis was performed using the stated cell types pretreated
with the indicated dsRNAs for 2 days and then treated with sunitinib for 24 h. UT, untreated; Ra, rapamycin; B-gal, B-galactosidase.
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FIG 15 Sunitinib-mediated inhibition of TORCI in primary human endothelial cells requires the TSC1/TSC2 complex. (A and C) Western blot analyses were
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Lobe in a manner that is independent of all of these proteins, that
these adaptor proteins work together, and, indeed, that each is
essential for the activation of TORCI.

PVR is required for cell expansion in vitro and in vivo. PVR
depletion reduced cell numbers in vitro and induced apoptosis.
Similarly, hemocyte numbers were reduced by PVR inhibition in
larvae. In contrast, Mondal et al. (82) showed that blockage of
PVR function does not affect lymph gland-derived hemocyte
numbers. This discrepancy may result from the examination of
different hemocyte populations. Our study examined the effect of
PVR on circulating hemocytes in Drosophila larvae. Drosophila
hemocytes arise from two sources: the head mesoderm during
early embryogenesis (embryonic hemocytes) and the mesoderm
lymph glands at later stages of development (lymph gland-derived
hemocytes) (83). While circulating hemocytes in adult flies repre-
sent a mixed population from both sources, circulating hemocytes
at the larval stage arise exclusively from the embryonic hemocytes
(84). Our data are consistent with the notion that PVR is required
for embryonic hemocyte expansion. Furthermore, we show that
PVR depletion caused apoptosis through a process that appears to
be caspase independent. Conversely, constitutive PVR activation
increased hemocyte numbers and led to the formation of tumor-
like structures. These hypertrophic structures in imaginal discs
were associated with TORCI activation, and TORCI inhibition
reduced hemocyte numbers and induced apoptosis in Kc and S2
cells.

We performed experiments with the VEGF/PDGEF receptor in-
hibitor sunitinib. Sunitinib inhibits PVR in Drosophila cells.
Sunitinib blocked receptor tyrosine phosphorylation and the ac-
tivity of ERK and TORCI1. Furthermore, sunitinib suppressed the
expansion of Kc and S2 cells in vitro and of hemocytes in vivo.
Interestingly, however, whereas TORC1 reactivation in Lobe-ex-
pressing cells depleted of PVR requires the simultaneous inactiva-
tion of both Lobe and T'sc1/Tsc2, sunitinib-mediated inhibition of
PVR could be overcome by inactivation of Tsc1/Tsc2 alone. The
reconstitution of TORCI1 by inactivation of Tsc1/Tsc2 was similar
to that observed in cells depleted of Drk (or all other adaptor
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proteins). We show that sunitinib inhibits PVR tyrosine phos-
phorylation, which would be required for the binding of adaptor
proteins. Thus, the rescue of TORC1 by Tsc1/Tsc2 inactivation in
both instances (sunitinib treatment and adaptor depletion) is in-
ternally consistent. However, given the requirement for Lobe in-
activation in cells depleted of PVR, these data raise the intriguing
possibility that PVR loss activates Lobe in a kinase independent
manner. As for PVR, sunitinib treatment induced apoptosis and
reduced the number of hemocytes in vivo, and similar effects were
observed upon inactivation of TORC1, suggesting that TORC1 is
an important effector. Sunitinib failed to inhibit constitutively
dimerized PVR, and our results suggest that similar mutations
causing stable receptor dimerization in human tumors may ren-
der them refractory to sunitinib.

As in insect cells, sunitinib treatment inhibited TORC1 in en-
dothelial cells in vitro and in vivo, and sunitinib-mediated TORC1
inhibition required a functional TSC1/TSC2 complex. TORC1 is
an important regulator of cell growth and proliferation, and
TORCI inhibition may contribute to explain the antitumor effects
of sunitinib. There are two modes of sunitinib action against tu-
mors, and our results have implications for both. First, sunitinib is
prescribed to target tumor cells, such as those with mutations in
RTK that can be bound by sunitinib. Second, sunitinib is used in
renal cancer, not because it targets renal cancer cells, which lack
mutations in RTK and are in fact unaffected by sunitinib in vitro
(35), but, rather, because sunitinib inhibits endothelial cells and
renal cancers are particularly dependent on angiogenesis. In the
first case, tumors with somatically acquired mutations in TSCI (or
TSC2) may be less responsive to sunitinib inhibition. Our findings
may, in fact, explain why sunitinib was inactive against xenografts
derived from Tsc2-deficient fibroblasts (85). The same notion may
explain the lack of effect of a second clinically utilized VEGF and
PDGEF receptor inhibitor, sorafenib, against Tsc2-deficient xeno-
grafts (86). Thus, despite the fact that sunitinib inhibits ERK in a
TSC1/TSC2-independent manner, these xenograft experiments
suggest that, at least in some contexts, TORC1 inhibition may be
required for its antiproliferative effects. In the second case, and
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particularly given that a modest knockdown of TSC2 is sufficient
to block sunitinib-induced TORC1 inhibition, sunitinib may be
less effective in patients with tuberous sclerosis complex who have
germ line mutations in the TSCI or TSC2 genes. These germ line
mutations may reduce the effect of sunitinib on endothelial cells
and thereby lower the effectiveness of sunitinib against renal can-
cer, a cancer type that these patients are predisposed to.
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